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Conventional membranes that separate particles according to the size-exclusion 
mechanism may have low selectivity and high energy consumption. Adsorptive 
membranes (or sometimes called membrane adsorbents), which use affinity under 
enhanced mass transfer as the separation mechanism, are explored as a more effective 
and energy-saving alternative to the conventional filtration-based membranes. The 
main objective of this study is to develop novel adsorptive hollow fiber membranes 
based on chitosan (CS), a highly reactive and naturally abundant biopolymer. The 
developed CS-based hollow fiber membranes must meet certain criteria, including 
high CS content, high mechanical strength, porous structure and good reusability, etc.  
 
In the first part of the study, CS hollow fiber membranes entirely made of CS with high 
mechanical strength were successfully prepared. A novel dilute-dissolution and 
evaporating-reconcentration method was used for the first time to allow highly 
concentrated homogeneous CS solutions to be prepared (up to 18 wt% as compared to 
≤ 3 wt% by conventional method) for spinning hollow fiber membranes. The prepared 
membranes showed greatly improved mechanical strength and possessed high 
adsorption capacities for heavy metal ions. 
 
The second part of the study explored a potential application of the prepared CS 
hollow fiber membranes in the bioengineering field. Lipases, an important enzyme for 
lipid hydrolysis, were successfully immobilized onto the CS hollow fiber membranes 
 VI 
with high immobilization capacity, as compared to that using CS beads as the 
immobilization substrate by others. The immobilized lipases on the developed CS 
hollow fiber membranes were found to have enhanced pH, temperature and storage 
stability. By using the immobilized lipases on the hollow fiber membranes, the 
continuous hydrolysis of lipids on the interface between the organic and aqueous 
phases was realized. On the contrary, conventional practices using lipases immobilized 
on beads will result in the accumulation of products or lack of substrates at the 
catalytic reaction interface and hence lower the reaction rate because the substrates and 
products are not soluble in same phase. 
 
In the third part of the study, attempts were made to use non-basic coagulant for the 
preparation of CS-based hollow fiber membranes with more porous surfaces. CS was 
modified with sodium dodecyl sulfate (SDS) to form nano-particles. This modification 
facilitated the dispersion and dissolution of CS in common organic solvents such as 
N-methyl-2-pyrrolidone (NMP). Hollow fiber membranes with a high CS content were 
successfully prepared by adding cellulose acetate (CA) as the matrix polymer. The 
obtained blend hollow fiber membranes showed highly porous and macrovoids-free 
structures with reasonably good mechanical strength and high adsorption capacity for 
heavy metal ions. However, a practical problem arising from this method was the high 
viscosity of the dope solutions that rendered the degassing of the dope difficult and 
thus resulted in prepared membranes often with defects. 
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In the last part of the study, effort was made to overcome the limitations arising from 
the high viscosity to ultimately make the developed CS-based membranes have high 
flux at low operating pressure and show multifunctions (separate solute by adsorption 
and separate particles by filtration) in a continuous filtration mode. For this purpose, 
the rheological properties of CS/SDS/CA blend in the formic acid (FA)/ethylene glycol 
(EG) blend solvent were exploited. The conditions for optimal dope solutions were 
examined and then the dopes were used to fabricate blend CS hollow fiber membranes. 
The results show that the developed membranes were highly porous, defect-free, and 
mechanically strong. Adsorption study illustrated that the membranes prepared in this 
approach had high adsorption capacity, and can effectively remove solutes and 
particles simultaneously in a continuous filtration mode with high flux under low 
pressure (0.25 bar).  
 
In conclusion, highly reactive CS-based adsorptive hollow fiber membranes can be 
obtained from CS alone or CS blended with other polymer such as CA. It has been 
demonstrated that the developed CS-based adsorptive hollow fiber membranes can be 
applied to various applications such as wastewater treatment (e.g. copper ion removal) 
and bioengineering applications (enzyme immobilization).  
 VIII 
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Since the synthesis of asymmetric cellulose acetate membranes by Loeb and Sourirajan 
(Loeb and Sourirajan, 1962) in 1962, membrane separation technology has attracted more 
and more attention. Membrane separation process has been applied successfully to a wide 
arrange of industries (Hwang and Kammermeyer, 1975) in various forms including 
microfiltration, ultrafiltration, nanofiltration, reverse osmosis, etc. Typically, a membrane 
separates species based on their differences in size, a physical parameter. When the feed is 
pumped through a membrane, species with sizes larger than the pores of the membrane 
will be retained while species with sizes smaller than the pores will pass through the 
membrane with the liquid as the permeate. This separation mechanism is effective in 
recovering or retaining targeted species in many situations and applications where the size 
differences of species to be separated are significant (difference is higher than a factor of 
10). However, when the dimensions of species to be separated are at the same order of 
magnitude or a specific molecule such as protein is to be separated from a complex 
mixture such as cell disruption suspension after protein incubation, the selectivity of the 
membrane separation system based on the size-exclusion mechanism is often poor or 
unsatisfactory. In addition, if the concentration of a targeted solute to be separated is low, 
for example, the removal of trace amounts of highly toxic heavy metal ions such as 
mercury or arsenic ions from wastewater, the conventional deployment of using reverse 
osmosis membranes is economically unfavorable. 
 
An alternative separation technology has been the use of packed bed filled with affinity 
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resins. When the feed is pumped through the packed bed, molecules which have specific 
affinity with the reactive functional groups on the affinity resins will be retained. Those 
that do not have specific affinity with the resins will pass through the column and exit in 
the permeate. Affinity resins retain and separate substances according to chemical 
interactions. The process however is often limited by mass transfer. In the affinity 
resin-based separation process, the targeted substance to be separated needs to be brought 
to the pore surfaces of the resins by intraparticle diffusion, before they are finally bound to 
the functional groups on the surfaces (external and internal) of the resins. Due to the slow 
intraparticle diffusion in the resin, the process usually takes longer time (hours) and the 
resin may not be effectively used (Ghosh, 2002). Besides, the packed beds may also suffer 
from high operation pressure loss and difficulties in scale-up (Suen and Etzel, 1992; Zou 
et a., 2001). 
 
Adsorptive membrane (or membrane adsorbent) would be a promising solution to 
overcome the limitations of both conventional membrane and affinity resin bed processes. 
Adsorptive membranes are special membranes with functional reactive groups that have 
affinity towards the targeted substances. A typical adsorptive membrane has porous 
structure to achieve high permeate flux and low energy consumption in operation. For this 
type of membranes, when the feed is pumped through the membrane structure, mass 
transfer of the solute to functional groups is dominated by convection and the membrane 
removes the target substances by their affinity to the functional groups on the surfaces 
(both external and internal) of the adsorptive membrane. The components that have little 
or no affinity to the functional groups of the membrane will pass through it freely. When 
the membrane reaches adsorption saturation, the adsorbed components are removed by 
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cleaning with suitable solutions and the adsorptive membranes are therefore regenerated. 
Adsorptive membranes separate components based on differences in their affinity and the 
mass transfer in the process is facilitated by convection. Hence, adsorptive membrane 
processes combine the high productivity of conventional membrane process and the good 
selectivity of the affinity resin bed process together. 
 
Although the concept of adsorptive membranes (Charcosset, 1998) appeared about a 
decade ago, the preparation of this type of membranes has encountered various difficulties. 
Most of the current methods to prepare adsorptive membranes are through chemical 
modifications of existing commercial membranes that are usually made of inert synthetic 
polymers such as polysulfone (PS), polyethersulfone (PES), polypropylene (PP), 
polyvinylidene fluoride (PVDF) and polyacrylonitrile (PAN), etc. These conventional 
membranes are usually lack of functional groups on their surfaces and are highly 
hydrophobic, leading to the problems of low binding capacity and high nonspecific 
adsorption (i.e. low selectivity). As a result, chemical modification of the membrane 
materials is needed to obtain hydrophilic surface as well as reactive functional groups for 
the prepared membranes. However, surface modifications have often to be conducted 
under harsh physical and chemical conditions, such as through oxidation with ozone, 
exposure to an electron or ion-beam, by ultrasonic etching, UV or laser irradiation (Sprang 
et al., 1995; Golub, 1996; Fozza, 1997), or through plasma treatment at low or ambient 
pressure (Suhr, 1983; Olde Riekerink et al., 1999). These treatment methods often caused 
irreversible damages to the original membrane structures and also resulted in degradation 
of the polymer chains that constitute the membrane matrix (Matsuyama et al. 1998). 
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Besides, the type and density of the functional groups introduced onto the membranes by 
the surface modification method are often limited. 
 
A promising alternative to prepare adsorptive membranes can be assumed to be directory 
from chemically reactive polymers that are hydrophilic, abundant in functional groups and 
being available at low cost. With such polymers, adsorptive membranes may be directly 
fabricated without the need for chemical modification. The adsorption capacity of the 
membrane would be significantly enhanced due to the high content of reactive functional 
groups as the membrane materials. If necessary, the selectivity of the membranes can be 
easily improved or enhanced because the reactive groups (e.g. -NH2, -OH, -SO3
 
) on the 
membranes may facilitate the introduction of other specific functional groups. 
Amongst the functional polymers that have been considered for adsorptive membrane, 
chitosan (CS) has been one of them that received most attention. CS is a derivative of 
chitin, a biopolymer that is the second most abundant in nature (only after cellulose), and 
is widely available from seafood waste and the cell walls of fungi, etc. CS can be 
conveniently obtained by the deacetylation of chitin in the solid state under alkaline 
conditions (concentrated NaOH solutions) or by enzymatic hydrolysis in the presence of a 
chitin deacetylase. CS possesses a high content of reactive functional groups including 
amino groups (-NH2) and hydroxyl groups (-OH). Both of the two types of functional 
groups are reactive and may be easily modified. For example, the amino groups in CS are 
well recognized for their reactivity. It has been found that the amino groups can be used to 
graft with various other functional groups through simple and mild chemical reactions. 
The amino groups have also been found to have specific affinity to many types of solutes 
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in aqueous solutions, including heavy metal ions (Guibal, 2004; Miretzky and Fernandez 
Cirelli, 2009) and dyes (Crini, 2006; Crini and Badot, 2008). In addition, CS is non-toxic, 
and biocompatible (Khor and Lim, 2003). Thus, CS is identified as a promising candidate 
for the preparation of adsorptive membranes in this study.  
 
CS may be dissolved in an acidic solution or solvent to obtain polymer solution for casting 
membranes. For example, CS flat sheet membranes can be prepared by forming a film 
from CS solution and then evaporating away the acid solvent. However, the mechanical 
strength of the prepared CS flat sheet membranes is usually very low. The evaporation 
step will normally also result in a dense membrane surface with high crystallinity to be 
formed, which would reduce the adsorption capacity and permeability of the prepared 
membranes. Among the various configurations in membrane fabrications, including flat 
sheet membrane, spiral wound membrane and hollow fiber membranes, hollow fiber 
membranes possess some unique advantages. Firstly, hollow fibers can be packed at high 
density and thus provide high specific surface area. Secondly, hollow fibers are 
self-supporting. In addition, membrane systems using hollow fiber configuration often 
have lower pressure difference and are easier to scale-up, as compared to those using flat 
sheet or spiral wound membranes. Therefore, CS-based hollow fiber membranes are 
considered to be desirable in this development. However, the preparation of CS-based 
hollow fiber membranes has encountered great practical difficulties so far in obtaining 
mechanically strong membranes and high adsorption capacity. Usually the polymer 
concentration of the dope solution used for spinning hollow fiber membrane has a great 
influence on the mechanical strength of the resultant membranes. For CS the concentration 
of the dope solution has been limited to below 4-5 wt% by conventional methods because 
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of the high viscosity of CS solutions. Therefore, the CS hollow fiber membranes made 
from such low CS concentration dope solutions have unavoidably been found to be 
mechanically very weak. Three reports (Pittalis et al., 1984; Vincent and Guibal, 2001; 
Modrzejewska and Eckstein, 2004) have been found in the literature so far on the 
preparation of CS hollow fiber membranes. The prepared membranes were either 
mechanically weak or the preparation methods need to use special-degraded (low-viscous) 
CS as the material for the fabrication.  
 
It is of great practical and research interest to develop methods to prepare CS-based 
adsorptive hollow fiber membranes (for pure CS membrane and blend CS membrane) 
with desired properties, including high CS content (or high adsorption capacity), high 
mechanical strength, highly porous structure (to get high flux at low pressure and 
minimize the cost) and reusability. It is also important to apply the advantages and 
effectiveness of the adsorptive hollow fiber membranes in the treatment of wastewater. In 
this study, different types of CS or CS-based hollow fiber membranes were developed 
through novel methods that overcome the difficulties such as high viscosity and low 
concentration of CS dope, low mechanical strength and dense outer surface of the 
prepared membranes. The developed membranes were examined for their properties and 
performance in heavy metal ion removal for environmental applications and in enzyme 






1.2 Objectives and scopes of this study 
 
As mentioned earlier, CS-based hollow fiber membranes, although desirable, have 
encountered major challenges in their preparation to achieve high mechanical strength, 
macroporous structures and high adsorptive capability. The main objective of this study is 
to develop methods that allow CS hollow fiber, or blend CS hollow fiber membranes to be 
prepared with significantly improved properties and performances. Polymers that have 
been studied to be blended with chitosan for the preparation of flat sheet membrane, such 
as cellulose acetate and nylon are candidates to be blended with chitosan in this study. 
Some applications in environmental engineering or bioengineering with the prepared 
CS-based hollow fiber membranes will be demonstrated. Therefore, efforts will be made 
to advance these fields in this study. Various modern analytical techniques such as FESEM, 
FTIR, DTG, will be used to characterize the membranes prepared and elucidate the 
mechanisms involved in the membrane preparation and adsorption processes. 
 
The specific scopes of the study will include: 
(1) To develop a method to prepare high concentrations of CS or blend CS (e.g. CS/CA) 
solutions. Then, the high concentration CS dope solutions will be fabricated into 
CS-based hollow fiber membranes with high mechanical strength and high adsorption 
capacity. To exploit the full advantages of adsorptive membranes, it is important to 
develop hollow fiber membranes that are applicable in a continuous filtration mode to 
remove pollutants from aqueous phase in either dead-end or cross-flow configuration. 
This requires the membranes to be prepared with the following properties, for instance 
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high CS content (to ensure high adsorption capacity), high mechanical strength (to 
avoid the breakage of the membranes in operation), and macroporous structure (to 
ensure high flux at low operation pressure and fast kinetics for adsorption) 
simultaneously. The first and foremost aim of this study is to overcome the difficulties 
and to obtain adsorptive hollow fiber membranes with the desired properties.  
(2) When a method is developed to prepare CS-based hollow fiber membranes, it is 
important to study the properties of the resultant membranes such as pore structure and 
mechanical strength, and to examine the mechanism involved in the preparation. 
Meanwhile, the influence of some spinning factors such as dope compositions and the 
types/composition of the non-solvent (coagulant) on the properties of the membranes 
will be investigated in detail. The properties of the developed hollow fiber membranes 
will be compared with those in other studies to demonstrate the advantages of the 
methods developed in this work. 
(3) The prepared membranes will be explored for their environmental application in 
removing heavy metal ions from aqueous solutions. Firstly, batch adsorption for a 
specific heavy metal ion species (copper ions) will be conducted to investigate the 
influence of pH, the adsorption isotherm and kinetics. When membranes with ideal 
properties are prepared, the developed hollow fiber membranes will be studied in a 
continuous filtration mode for their water flux, removal performance of heavy metal 
ions (copper ions) and reusability. Multifunctionality of the prepared membranes in 
terms of adsorption (to remove heavy metal ions which have affinity to the membrane) 
and filtration (the size-exclusion mechanism to retain particles that are bigger than the 
pore size of the membranes) will also be investigated. 
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(4) Based on the non-toxicity and biocompatible properties, CS-based hollow fiber 
membranes would be suitable for bioengineering applications such as enzyme 
immobilization. The prepared CS-based hollow fiber membranes will be applied for 
the immobilization of lipase. There are two reasons to study lipase immobilization. 
Firstly, it is a non-specific biocatalyst for wide range of reactions in the manufacture 
of commercial products. Secondly, there are operational difficulties in the application 
of lipase immobilized on traditional CS beads, arising from the mass transfer difficulty 
for both substrates and products between the aqueous phase and the organic phase. 
The effect of the immobilization parameters on immobilization capacity, the change in 
enzyme stabilities and continuous reaction between organic and aqueous phases by 
membrane configuration will be studied to demonstrate the advantages of using 
CS-based hollow fiber membranes in the bioengineering applications. 
 
Through the above efforts, the entire objective of this study will be achieved. The 
arrangement of this thesis will be made in the following order: firstly, to prepare CS 
hollow fiber membranes from high concentration CS dope solutions. This step will set a 
solid foundation for the whole thesis for the preparation of CS-based adsorptive hollow 
fiber membranes. The hollow fiber membranes developed will then be studied for the 
application of wastewater treatment and bioengineering (lipase immobilization for lipid 
hydrolysis) to show the potential of CS-based hollow fiber membranes for industrial 
applications. Since highly porous surface structure is often desired, in the later part of the 
study, attempts have been made to develop a method to use non-basic solution as the 
effective coagulant for CS dope solution preparation to achieve macroporous structure. 
Thus, CS/cellulose acetate blend hollow fiber membranes with porous surfaces would be 
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obtained. With the prepared CS blend hollow fiber membranes having desirable properties 
such as high adsorption capacity, high mechanical strength, porous structure and 
reusability, the effective and continuous removal of heavy metal ions (copper ions) in 
filtration mode was further examined. The results show that the developed membranes are 
suitable for real industry applications. Compared to the removal of heavy metal ions by 
RO membrane that needs pressure at around 15-58 bar, the application of the prepared 
CS/cellulose acetate blend hollow fiber membranes in this study can effectively remove 
heavy metal ions from aqueous solutions at very low pressure (less than 1 bar). The 
membranes were also demonstrated to separate various particles/solutes in a simple step 




























2.1 Introduction of membrane and membrane process 
 
Membrane technology has attracted increasing attention in recent decades for 
separation. As shown in Figure 2.1, a membrane is a permeable or semi-permeable 
phase, either solid or liquid (often a thin polymer solid), which retains certain species 
while permits transport of other species (Scott and Hughes, 1996). A membrane 
process refers to a separation of two bulk phases physically by a third phase, the 
membrane (Ho and Sirkar, 1992). 
 
Figure 2.1 Schematic representation of a membrane separation process. 
 
The observation of membrane phenomena can be traced back to the middle of 
eighteenth century (Mulder, 1996). At that stage, the study was focus on the properties 
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of membrane as a barrier and the related phenomena but not on the development of 
membrane. An important break-through in membrane preparation for industry 
applications were conducted by Loeb and Sourirajan (Loeb and Sourirajan, 1962). 
They successfully developed asymmetric cellulose acetate membranes. The 
membranes had a porous sublayer that supported a very thin and dense toplayer 
(thickness<0.5µm). The toplayer acts as the barrier and determined the solute mass 
transfer rate across the membrane while the sublayer is merely a supporting backbone. 
On the contrary, symmetric membrane does not have these structures. The resistance of 
permeation exists through out the cross-section of a symmetric membrane. The 
development of asymmetric membranes has brought the application of membranes into 
a new era. The advantages of asymmetric membranes will be discussed later. 
 
2.2 Mass transfer and selectivity of membranes 
 
When a membrane is applied to separate a pair of species, the efficiency of the process 
is usually defined in terms of two factors: selectivity and flux. The membrane 
selectivity between two species can be expressed in different ways. A common 









α =                                               Equation 2.1 
 
where ijα --- separation factor 
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      'ic , 'jc ---the concentration of i,j in upstream bulk phase (e.g., feed stream) 
      ''ic , ''jc ---the concentration of i,j in downstream bulk phase (e.g., permeate) 
 








= = −                                               Equation 2.2 
 
where fc ---solute concentration in the feed  
      pc ---solute concentration in the permeate 
The value of R varies between 100% (complete retention of the solute) and 0% (solute 
and solvent pass through the membrane freely). 
 
On the other hand, the movement of species across the membrane is also important. It 
can be attributed to one or more driving forces, often due to a concentration gradient or 
pressure or both. The transmembrane flux of permeate per unit driving force is 
proportional to the permeability of the species (Ho and Sirkar, 1992).  
 
( ) ( )i i
permeability of species iTransmembrane flux of species i p or c
effective membrane thickness
   






Where ip∆  and ic∆  --- the driving force described by the use of partial pressure 
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difference and concentration difference for specie i across the membrane, respectively.  
The part in the parentheses is sometimes called the performance of the membrane for 
specie i. Transmenbrane flux gives the separation rate of the species pass through the 
membrane. 
 
Theoretically, for a membrane, a high transmembrane flux and high selectivity are both 
preferred although attempts to maximize one factor are usually compromised by a 
reduction in the other. 
 
2.3 Classification of membranes 
 
Membranes can be classified according to different view points. The first classification 
is by nature, i.e. biological or synthetic membranes. This study will focus on synthetic 
membranes. Synthetic membranes can be subdivided into organic and inorganic 
membranes. 
 
Another means of classification for membranes is based on the structure/morphology. 
The structure determines the separation mechanism and hence the application of the 
membrane. For solid synthetic membranes, two aspects have to be concerned: 
symmetry and pore structure. Membranes can be divided into two types: symmetric or 
asymmetric from the standpoint of the symmetry of the membrane structure across the 
thickness. Each of the two types can be further subdivided into porous and dense 
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(nonporous) membranes (Osada and Nakagawa, 1992). The schematic cross-section 
structures of various membranes were shown in Figure 2.2:  
 
 
           
        symmetric                         asymmetric 
Figure 2.2 Structures of various membrane cross-sections. 
 
Figure 2.2 shows that symmetric membranes have homogeneous pore distribution (or 
non-porous), while for asymmetric membranes, the pore size decrease from one side to 
the other side of the membrane (sometimes with a relatively dense toplayer at the side 
with smaller pore size).  
cylindrical porous                            porous 
porous                          porous with a dense toplayer  
dense ( nonporous)                     composite 




Figure 2.3 Cross-section of a typical asymmetric membrane (Mulder, 1996) (the 
surface on the right part is not in the plate of the cross-section therefore can not be 
focused). 
 
Asymmetric membranes have played an important role in the development of synthetic 
membranes for industrial applications (Mulder, 1996). As mentioned before, a typical 
asymmetric membrane consists of a dense toplayer or skin with a thickness of 0.1 to 
0.5 µm supported by a porous sublayer of about 50-150 µm. Figure 2.3 depicts the 
cross-section of a typical asymmetric membrane. It can be seen that the left-hand side 
of the membrane is very dense and the pores become larger toward the right side of the 
membrane. The larger the pores are the lower resistance for transport the membrane 
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has. For this type of membrane, the barrier for permeate flux is determined largely or 
completely by the dense layer which is located at the left side in the picture. Therefore, 
the dense layer provides excellent selectivity with a high permeation rate because the 
barrier is a dense but very thin layer. By making the dense layer thin, the asymmetric 
membranes combine high selectivity and high permeation rate together. 
 
Table 2.1 Various membrane preparation techniques and corresponding membrane 
properties. 
 
Technique employed for 
membrane preparation  
Materials suitable for 
the preparation 
Properties of the membrane 
prepared 
Sintering Organic or inorganic: 
polymers, metals, 
ceramics, graphite and 
glass 
Porous, symmetric 
membrane with pore sizes 
of about 1-10 µm 
Stretching Organic: crystalline 
polymeric material  
Porous, symmetric 
membrane with pore sizes 
of 0.1 -3µm 
Track-etching Organic: polycarbonate Porous, symmetric 
membrane with assembly of 
parallel cylindrically shaped 
pores of uniform dimension 
of about 0.02-10 µm 
Template leaching Organic and inorganic 
materials: polymer and 
glass 
Porous symmetric 
membranes with a wide 
range of pore diameters 
(minimum 5nm) 
Phase inversion Organic: polymers  Porous asymmetric 
membranes with a dense 
(porous and nonporous) 




Coat a thin toplayer on 
porous membranes 
from all kinds of 
materials 
Porous asymmetric 
membranes with a dense 
(often nonporous ) toplayer 
and a porous supporting  
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There have been many techniques available to prepare synthetic membranes. The most 
important techniques include sintering, stretching, track-etching, phase inversion, 
sol-gel process, vapor deposition and solution coating. Different membrane properties 
can be obtained from different preparation technique employed. For example, sintering 
tends to result in symmetric microfiltration membranes while phase inversion will 
prepare an asymmetric porous membrane with a skin layer. The properties of the 
membrane obtained from various methods are summarized in Table 2.1. Detailed 
description of the various membrane preparation techniques can be found in other 
books (Kesting, 1985; Ho and Sirkar, 1992; Matsuura, 1993; Mulder, 1996).  
 
Phase inversion is of particularly importance for the preparation of asymmetric porous 
membranes, and most commercially available asymmetric membranes are obtained by 
this technique. Phase inversion will also be used in the present study to prepared 
asymmetric porous membranes. It is a process whereby a polymer is transformed in a 
controlled manner from a liquid to a solid state. Phase inversion can be initiated by 
solvent evaporation from the vapor phase, by controlled evaporation, by thermal 
precipitation or by immersion precipitation. Most commercially available membranes 
are prepared by immersion precipitation: a polymer solution is cast on a suitable 
support and then immersed in a coagulation bath containing a non-solvent to form the 
membrane. This method will be employed in this study. Immersion phase inversion 
method often results in asymmetric membranes with dense toplayers (porous or 
nonporous) supported on microporous sublayers. The dense toplayer is formed because 
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of the fast phase separation rate on the membrane surface since a high amount of 
non-solvent is immediately available near the surface. While in sublayers, larger 
macrovoids are often formed. It has been suggested that the growth of pores (on 
surfaces and in cross-section) and macrovoids (in cross-section) are inherent to the 
growth of the nucles (Smolders, et al.,1992). Generally, bigger pores on surfaces and 
macrovoids-free structure can be achieved by one or combined methods of the 
followings (Beerlage, 1994; Pu et al., 2006): 
a. choosing a solvent/nonsolvent pair with a lower affinity in the preparation for dope 
solution. 
b. adding a nonsolvent into the solvent/polymer solution (dope) before phase 
inversion. 
c. increasing the polymer concentration in the casting solution. 
d. applying an evaporation step before the immersion into the coagulation bath. 
e. adding solvent to the coagulation bath. 
f. using water vapor as coagulant.   
 
Membranes can be prepared into two configurations: flat sheet membranes and hollow 
fiber membranes. Flat sheet membrane is obtained by casting the polymer solution on 
a metal or belt plane. After coagulation of the solution, flat sheet membranes are 
prepared. The preparation for hollow fiber membranes is different from that of flat 
sheet ones: a viscous polymer solution containing polymer, solvent and sometimes 
additives is pumped through an annular spinneret. A bore fluid is also pumped 
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simultaneously through the inner tube of the spinneret. Demixing therefore takes place 
and the polymer will be solidified into a hollow fiber configuration. The demixing of 
dope and coagulant (and hence solidification of dope) takes place from both sides 
(inner side and outer side) of hollow fiber membranes, while for the preparation of flat 
sheet membrane, the demixing occurs only from one side. For hollow fiber membranes, 
once the polymer solution (dope) is pumped out and in contact with the inner and outer 
coagulants, solvent starts to diffuse out of the liquid polymer film while non-solvent 
diffuse in the opposite way.  
 
Because hollow fiber membranes are different from flat sheet membranes in 
preparation method, the structure of hollow fiber membranes is therefore different 
from that of flat sheet ones. As mentioned above, for the preparation of hollow fiber 
membranes, phase inversion occurs at both sides (inner side and outer side) of the 
membrane. The phase inversion at the inner side can be significantly different from 
that at the outer side because coagulants applied on both sides of the membranes are 
not equal even if their ingredients are the same in the beginning. Because the 
non-solvent amount in the lumen is rather limited, as compared to the solvent leached 
out from dope, the rapid out-diffusion of the solvent from the polymer solution may 
change non-solvent at the lumen side into a mixture of solvent and non-solvent. The 
solvent concentration in the mixture may become high enough to delay the phase 
separation. The effects are similar to adding solvent to the coagulation bath, and it will 
result in highly porous structures on the inner surfaces (Kim et al., 1999; Xu et al., 
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2003). On the contrary, the outer surfaces are much denser.  
 
    a) Flat sheet membrane              b) Hollow fiber membrane 
Figure 2.4 The geometric and operation difference between flat sheet and hollow fiber 
membranes. 
 
The difference in membrane preparation for flat sheet and hollow fiber membrane 
results in the differences in geometric and operation between them. It can be seen from 
Figure 2.4, compared to flat sheet membranes, hollow fiber membranes are tube-like 
shape that provide self-supporting ability which can not be obtained for a flat sheet 
membrane. The permeate pass across the membrane cross-section either from outer 
surface to inner surface (as shown in Figure 2.4) or from inside to outside. Although 
flat sheet membranes are relatively simple to prepare and useful for laboratory scale 
studies, they have certain disadvantages in industrial applications. As shown by Figure 
2.4, a flat sheet membrane has very small specific surface area as compared to hollow 
fiber membranes and also needs additional support in application. Besides, the 
scale-up of a flat sheet membrane system is difficult because higher pressure difference 
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is needed for this configuration when a few or many of them are stacked together. 
Therefore, hollow fiber configuration is more preferred in industrial applications. 
 
Table 2.2 A summary of membrane applications in the two phases and the separation 
goal. 
 
 Phase 1 (feed) Phase 2 (permeate) Separation goal 
Gas permeation 
(GP) Gaseous Gaseous 
Stream/streams enriched 
or depleted in a particular 
species 
Pervaporation Liquid Gaseous Same as above 
Dialysis Liquid Liquid 
Macrosolute solution free 
of microsolute, 
microsolute solution free 
of macrosolute 
Electrodialysis 
(ED) Liquid Liquid 
Solution free of 
microions, concentrated 
solution of microions, 
fractionation of microions 
Reverse osmosis 
(RO) Liquid Liquid 
Solvent free of all solutes, 
concentrated solution of 
microsolutes 
Ultrafiltration 
(UF) Liquid Liquid 
Solution free of 
macrosolute, macrosolute 




(MF) Liquid/gaseous Liquid/gaseous 
Solution free of particles, 






or depleted in a particular 
species 
Membrane 
distillation Liquid Liquid Solution free of one solute 
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In a membrane separation process, the phases of feed and permeate streams are either 
in a liquid or a gaseous state. The character of feed and permeate will influence the 
application of the membrane processes. For most membrane applications, the phases of 
feed and permeate are the same, while for pervaporation, they are different. A 
summary for membrane applications in two phase separation and the separation goal is 
listed in Table 2.2 (Kesting, 1985; Ho and Sirkar, 1992; Matsuura, 1993; Mulder, 
1996).  
 
The separation mechanisms of membranes are diverse. There are three typical types of 
separation mechanisms for the membrane separation processes. Some processes are 
based on the size-exclusion mechanism, i.e., the membranes can retain the sepecies 
that are larger in size than the pore size of the membranes while allow the free 
transport of other smaller species. Microfiltration, ultrafiltration and nanofiltration are 
the typical membrane processes utilizing the size exclusion mechanism. Another 
mechanism is the sorption-diffusion mechanism, where components that have higher 
affinity with the membrane materials can be absorbed by the membranes at one side 
and then diffuse to the other side of the membranes. The selectivity is dependent on 
both the absorption and diffusion rate of each component in the membranes. 
Representative examples of membrane with this mechanism are reverse osmosis, gas 
permeation, pervaporation and emulsion liquid membranes. The charge characteristics 
of the components are also utilized as the mechanism for membrane separation 
processes. For the application of this mechanism, membranes are electrically charged 
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and only species that have the opposite charge with that on the membranes can pass 
through the membranes while those with the same charge are rejected. A typical 
example of such process is electrodialysis. In fact, some membrane separation 
processes are not only based on a single mechanism, but on a combination of several 
different types of separation mechanisms. The separation mechanisms for the 
commonly used membrane separation processes are summarized in Table 2.3 (Ho and 
Sirkar, 1992; Mulder, 1996). 
 
Table 2.3 The separation mechanisms for the commonly used membrane separation 
processes. 
 
Mechanism Membrane separation processes 
size-exclusion microfiltration, pervaporation, ultrafiltration  
Diffusion and affinity gas permeation, dialysis, reverse osmosis, 
emulsion liquid membrane, membrane 
distillation 
charge electrodialysis  
 
Another important criterion for membrane classification is driving force. Usually, 
membranes can be classified into three major groups according to the driving force 
that drives the permeant flow through the membrane. The difference of pressure, 
temperature, and concentration can be utilized as the driving force for a membrane 
process. The driving forces for the commonly used membrane separation processes are 
summarized in Table 2.4 (Matsuura, 1993; Ho and Sirkar, 1992). 
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Table 2.4 The driving forces for the commonly used membrane separation processes. 
 
Driving force Membrane separation processes 
Pressure difference microfiltration, nanofiltration, ultrafiltration, 
reverse osmosis, pervaporation, gas 
permeation 
 
Temperature difference Membrane distillation  
Concentration difference Dialysis,  emulsion liquid membrane  
 
2.4 Adsorptive membrane  
 
Although membrane technology is regarded as a very important technology in 
separation and purification, it has certain disadvantages and limitations in some 
situations.  
 
The basis of separation for most conventional membranes is the differences in size 
between the species to be separated. Since the pores of the membranes are fairly 
poorly defined, it often can be found that subtle differences in molecular weight or size 
of the particles will not be sufficient for effective separation. Generally, it has been 
considered that a difference in molecular weight by a factor of ten is necessary to 
obtain efficient separation of two molecular species when membrane-based separation 
process is applied (Costa and Cabral, 1991). Therefore a great limitation for 
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membranes based on the size-exclusion mechanism is the low resolution in separation 
(Sluys et al., 1994).  
 
Another major concern in membrane separation is the pressure that is applied across 
the membrane and hence the energy consumption for the separation processes. To get 
fine products, the pores on membranes tend to became smaller and smaller, which will 
need higher driving pressures and results in greater and greater energy consumption for 
the separation process.  
 
By introducing the function of selectivity in membrane separation, it is possible to 
integrate affinity interactions with membrane separation to overcome the drawbacks of 
the traditional size-exclusion membranes. There are two alternative approaches to 
achieve affinity based separations: one is to introduce functional ligands by coupling 
them to the membrane surfaces (internal and external), the other is to couple the 
ligands to soluble macromolecules or particles with a size larger than the exclusion 
size of the membrane so that they will be retained by the membrane in the separation 
process. The former approach with affinity ligands coupled on the membrane is 
regarded as adsorptive membrane or affinity membrane.  
 
In the area where affinity is used as the basis for separation, packed beds have been an 
effective manner for decades. Columns filled with adsorptive small beads are often 
used for the purpose of separation. The selectivity of a packed bed process is usually 
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high because of the high affinity between the adsorbents and adsorbates. However, 
these systems have limitation in their mass transfer. Although pressure can be applied 
to accelerate the mass transfer between the adsorbent particles (from one end to the 
other end of the column), the pressure difference can not be effectively applied to 
improve the intraparticle diffusion of the adsorptive beads.  
 
Figure 2.5 The mass transfer difference between adsorptive bead and adsorptive 
membrane. 
 
The combination of traditional membrane and affinity resin principles may solve the 
problems for either of the two separation technologies. Adsorptive membrane concept 
can therefore be considered to be derived from this idea. In an adsorptive membrane 
system, the membrane network structures are functionalized with specific ligands that 
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can adsorb certain types of solutes from the mixtures to achieve separation. There is a 
phase change in the process since adsorbed components transform from liquid to solid. 
After reaching adsorption saturation, the membranes can be regenerated by eluting 
away the adsorbed substances and be reused. Adsorptive membrane processes 
therefore combine high mass transfer efficiency of membrane and good selectivity of 
affinity resins. The differences in mass transfer between adsorptive beads and 
adsorptive membrane are illustrated in Figure 2.5 (Ghosh, 2002).  
 
It can be seen that for adsorptive beads, convective flow can not bring the adsorbate 
into the beads directly and the main mechanism of mass transfer is intraparticle 
diffusion. While for adsorptive membranes, convective flow can directly reach the 
pore surfaces of the membrane and so the mass transfer can be much faster. Although 
convective flow does not bring the adsorbates to reach the inside structure of the pores 
(the dark part in Figure 2.5), the distance for adsorbates to diffuse in adsorptive beads 
is much larger than that in adsorptive membrane. The effective diffusion distance in 
adsorptive beads is corresponding to the diameter of the beads, which typically 
exceeds 5-10 µm. While for adsorptive membranes, the active sites are directly 
adjacent to the convective flow, and the effective diffusion distance length is usually 
less than the pore size of the membrane, that is commonly less than 1 µm. So the 
efficiency of adsorptive membrane will be much higher than that of adsorptive beads, 
due to improved mass transfer. Besides, another limitation for conventional 
chromatography and beads column was the high pressure differences needed especially 
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when the flow rate of the column is high because the resistance for mass transfer is 
correspondingly high. While for adsorptive membranes, as a result of the convective 
flow of the solution through the pores, the mass transfer resistance is tremendously 
reduced, and the binding kinetics becomes the only resistance that dominates the 
adsorption process. The reduce in mass transfer resistance will result in lower pressure 
drop, much lower residence times (Klein, 2000), higher flow rates and higher 
productivity, and therefore greatly improve the adsorption, washing, elution, and 
regeneration steps of the separation processes. In general, the adsorption rate in 
packed-bed column is limited by either slow intraparticle diffusion for large particles, 
or low axial velocities and high pressure drops for small particles (Brandt et al., 1988; 
Zeng and Ruckenstein, 1999). These limitations result in long times for the steps of 
loading, washing and elution, which is not economically favored. 
 
An ideal adsorptive membrane for practical separation applications should possess the 
following properties: (a) highly porous to offer rapid convective transport through the 
membranes; (b) typically, be hydrophilic and neutral to prevent fouling of the 
membrane through non-specific association between solutes and membrane; (c) 
contain functional groups to provide affinity and allow activation by reactions; (d) be 
chemically stable to withstand the conditions during adsorption, elution and 
regeneration; and (e) be physically stable to withstand transmembrane pressure 
(Charcosset, 1998).  
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Usually three steps are involved in the preparation of adsorptive membranes by 
conventional practice: (1) preparation of the basic membrane; (2) activation of the 
basic membrane and (3) coupling of ligands to the activated membrane (Zeng and 
Ruckenstein, 1999). Different methods have been studied on the preparation of 
adsorptive membranes from base ones. Traditionally, the methods can be classified into 
two different groups: 1. chemical modification of polymers that have been prepared 
into commercial membranes. 2. physical coating of chemicals that possess high 
content of reactive groups onto the base membranes. For the first group, polyethylene, 
acrylics, polyamides, glass and ceramics have been studied as the base membranes for 
the preparation of adsorptive membranes. The challenge of this method lays in the 
content of reactive groups obtained because the commercially available membranes are 
often very inert or possess very few reactive groups such as –OH and C ≡ N groups, 
leading to the difficulties in modification or low reactivity of the resultant adsorptive 
membranes. Besides, the modification is often found to cause deterioration of the base 
membranes, attributed to the harsh physical or chemical treatments. For the second 
method, dyes and reactive polymer such as PVA (poly vinyl alcohol) and chitosan have 
been coated on membranes to provide activity. However, it is hard to provide durable 
and stable coating layers because the coating could be subsequently leached off, thus 
affect the product quality. In addition, since the supporting material is not adsorptive, 
the reactivity of the coated membrane is usually low (Zeng and Ruckenstein, 1999). 
Therefore, neither of the traditional methods for adsorptive membrane preparation 
brings the desirable products. In brief, the preparation of adsorptive membranes from 
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commercial available ones has limitation in adsorption capacity. The application of 
reactive polymer may provide a promising solution for this problem. In this study, CS, 
a reactive biopolymer, will be studied as the basis of adsorptive hollow fiber 
membranes.  
 
2.5 Chitin and chitosan (CS) 
 
The name ‘chitin’ is derived from the Greek word ‘chiton’, meaning a coat of mail 
(Lower, 1984), and was apparently first used by Bradconnot in 1811 (Skaugrud and 
Sargent, 1990). It is the world’s second most abundant natural biopolymer in the 
environment, only after cellulose (Roberts, 1992). Chitin can be considered to be 
beta-(1, 4)-2-Acetamido-2-deoxy-D-glucose (Crini, 2006). It can be found in crustacea, 
mollusks and insects as a major constituent of the exoskeleton. It also exists naturally 
in a few species of fungi. While chitin can not be found in higher organisms, 
seafood-processing waste is a readily available source of chitin (Shahidi, 1999). CS 
was first introduced to the world by Rouget in 1895 (Rouget, 1895). It is a biopolymer 
derived from chitin. Usually, in alkali solutions the acetyl groups in chitin can be 
removed and hence the amino groups will be exposed. This reaction is called the 
deacetylation of chitin. Therefore, CS is the deacetylated product of chitin. Because the 
deacetylation of chitin is never complete, CS is in fact a copolymer that is a mixture of 
2-acetamido-2-deoxy-β-d-glucopyranose and 2-amino-2-deoxy-β-d-glucopyranose 
residues (Crini, 2005). The schematic structure differences of cellulose, chitin and CS 
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are shown in Figure 2.6. While chitin and CS are quite similar to cellulose, a 
homogeneous polymer, chitin and CS are heterogeneous polymers. Factors such as the 
origin of the source, the degree of deacetylation and the molecular weight have 
influence on the chemical structures and hence properties of chitin and CS (Kumar, 
2000). 
 
2.6 Characteristics and properties of CS 
 
CS is a nontoxic, biodegradable polymer of high molecular weight. CS possesses 
positive ionic charge at low pH, which gives it the ability to chemically bind with 
negatively charged fats, lipids and bile acids (Sandford, 1992). Since CS is a 
heterogeneous biopolymer, some parameters of CS will also affect its physical and 
chemical properties and its applications. 
 
2.6.1 Degree of deacetylation  
 
When Rouget introduced CS to the world in the 19th century (Rouget, 1895), he 
already noticed the deacetylated form of CS. The process of deacetylation is actually 
the removal of the acetyl groups from the molecular chain of chitin. After that, a high 
degree of chemically reactive amino group (-NH2) will be exposed and the obtained 
product is CS. In general, chitin with a degree of deacetylation of 75% or above is 
named as CS (Knaul et al., 1999). The degree of deacetylation of CS/chitin affects the 
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physicochemical properties, and hence determines their appropriate applications (Rout, 
2001).  
 
Figure 2.6 The schematic molecular structures of cellulose, chitin and CS. 
 
Various methods have been reported to measure the deacetylation degree of CS 
(Roberts, 1992). The first reported in literature was the IR spectroscopy method, 
developed by Moore and Roberts (Moore and Roberts, 1987). The most practical 
method is titration method (Wang et al., 1991) which is accurate and don’t need 
particular equipments. In brief, CS is dissolved in 0.1% acetic acid to form a 0.01% 
solution. This is followed by titration with 0.0025 N poly (vinyal sulfate) potassium 
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salts with 1% toluidine blue as an indicator. The acetyl content of chitosan was 
measure from the amount of titrant used. 
 
2.6.2 Molecular weight and viscosity 
 
CS is diverse in terms of its source of raw material and the method of preparation. The 
molecular weight and hence viscosity of CS also varies accordingly. Generally, 
commercial CS products have the molecular weight ranging from 100,000 to 
1,200,000 Daltons (Li et al., 1992). The molecular weight of CS can be determined by 
methods such as chromatography (Bough et al., 1978), light scattering (Muzzarelli, 
1977), and viscometry (Maghami and Roberts,1988). 
 
One of the important effects of molecular weight is on its viscosity. The higher the 
molecular weight of CS is, the more viscous the CS solution at the same concentration 
will be. Viscosity is therefore a crucial factor in CS applications. CS solution typically 
is highly viscous and this usually limits the solubility of CS and hence its applications. 
Even though CS is an abundant and useful biopolymer, it also has some limitations in 




The chemical structure of chitin and CS are quite similar, but their solubilities are 
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significantly different. A few solvents have been reported to be able to dissolve chitin, 
including dimethylacetamide (DMAc)/LiCl system, diethylacetamide, 
N-methyl-2-pyrrolidone (NMP)/LiCl system, hexafluoroisopropyl alcohol, 
hexafluoroacetone sesquihydrate, mixture of 1,2-dichloroethane and trichloroacetic 
acid (35:65), CaCl2 · 2H2
dimethylformamide
O-saturated methanol, and freshly saturated solution of 
lithium thiocyanate (Mourya and Inamdar, 2008). However, even though the chemical 
structure of CS is similar to that of chitin, the good solvents for chitin as mentioned 
above can not dissolve CS. It was found that dilute aqueous organic or mineral acids 
are almost the only good solvent for CS. CS is not soluble in basic or neutral solutions. 
CS also does not dissolve in almost all kinds of conventional organic solvents such as 
acetone, tetrahydrofuran (THF), chloroform, tetrachloromethane, NMP, 
 (DMF), dimethylacetamide (DMAC), and dimethyl Sulfoxide 
(DMSO).  
 
Because CS is not soluble in organic solvents, it is hard to prepare CS blend with other 
industry polymers. Liu and Bai (Liu and Bai, 2005) used formic acid as the co-solvent 
for CS and cellulose acetate (CA) and successfully prepared high CS content polymer 
blend (3g CS/ 12g CA in 100g solution) and the blend solution was used to prepare 
blend hollow fiber membranes. 
 
Other attempts have been made to alter the solubility of CS either in water (Sugimoto 
et al., 1998; Ilyina et al., 2000; Zhang et al., 2003; Jeong et al., 2008) or in organic 
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solvents (Kubota et al., 2000; Hu et al., 2005). However, setting aside the solubility of 
CS after the modification, most of these modifications consume the reactive amino 
groups of CS and therefore are not preferred to prepare adsorptive membranes. In this 
study, attempts have been made to prepare high CS concentration dope solutions that 





Because CS is soluble in dilute organic and mineral acid, crosslinking has been the 
most frequently used modification for CS to make it insoluble in acidic medium. 
Usually, CS needs to be crosslinked when it is applied to aqueous solutions to avoid 
complete or partial dissolution.  
 
Amongst all the crosslinking agents for polymers, glutaraldehyde (GLA), ethylene 
glycol diglycidyl ether (EGDE) and epichlorohydrin (ECH) (Wan Ngah et al., 2005) 
are the most used ones for CS. GLA are highly reactive and can crosslink the amino 
groups of CS at room temperature. EGDE can react with both the amino groups and 
hydroxyl groups of CS. The reaction between EGDE and CS needs to be initiated by 
heating (around 70°C) in basic solutions. Both GLA and EGDE will consume the 
reactivity/adsorption capacity of CS because they react with the amino groups that 
provide the adsorption capacity of CS. The situation is different for ECH. It was 
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reported to selectively react with hydroxyl groups of CS and can retain the reactivity of 
the amino groups. The crosslinking reaction between CS and ECH also occurs in hot 
basic water solution. 
 
2.6.5 Adsorptive properties  
 
Owning to the abundance in amino groups (about 7%), CS is very versatile in 
adsorption. It is not only highly adsorptive, but also can be easily modified for the 
adsorption of more substrates. Both original CS and crosslinked CS have been used to 
remove various aqueous pollutants including heavy metal ions and organic wastes.  
 
CS was found to be among the most powerful heavy metal ion binders, with binding 
capacities to some heavy metals by far exceeding activated carbon (Babel and 
Kurniawan, 2003). This advantage has been used to remove poison heavy metal ions 
from wastewater (Guibal et al., 1999; Ruiz et al., 2000; Dzul Erosa et al., 2001). The 
reported affinity of CS to heavy metal ions approximately follows the series of: 
Pd > Au > Hg > Pt > Cu > Ni > Zn > Mn > Pb > Co > Cr > Cd > Ag (Krajewska, 
2005). 
 
Active carbon also has been used intensively to remove dyes from wastewater. 
However, activated carbon presents several disadvantages (Babel and Kurniawan, 
2003). It is quite expensive (the higher the quality, the more the cost) and not effective 
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for dye removal. Although activated carbon can be regenerated, regeneration itself is 
also an expensive process, and results in loss of the adsorbent (Streat et al., 1995). CS 
is relatively cheap and has special properties such as high reactivity, excellent 
chelation behavior and high selectivity toward pollutants (Varma et al., 2004; Kumar, 
2000). Many studies showed that CS is also highly effective in the removal of many 
classes of dyes, including Reactive blue 2, Reactive red 2, Direct red 81 (Chiou et al., 
2004a), Reactive red 189, Reactive red 189 (Chiou and Li, 2002), Reactive red 222 
(Wu et al., 2000), Acid orange 12, Acid orange 10, Acid red 73, Acid red 18 and Acid 
green 25 (Wong et al., 2004). 
 
2.7 The applications of CS 
 
2.7.1 Wastewater treatment  
 
As a relatively cheap resource, the reactivity of CS makes it very promising in 
wastewater treatment. The major adsorption site of CS is the amino groups that can 
easily be protonated to form –NH3+ in acidic solutions. The strong electrostatic 
interaction between the –NH3+
Chiou et al., 2004
 groups and various anions is the basis of most of the 
sorption mechanism ( b). More importantly, the amino groups of CS 
can easily be modified with various functional groups to broaden the spectrum of 
adsorbates that can be effectively removed by CS-based materials. Besides, chemical 
modification would not change the fundamental skeleton of CS but bring new or 
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improved properties. After suitable chemical modifications, CS can be prepared into a 
wide range of derivatives with specific affinity to a diverse spectrum of molecules and 
be applied to pharmaceutical, biomedical and environmental fields where effective 
separation techniques are highly demanded. 
 
One of the most studied applications of CS in wastewater treatment is the removal of 
heavy metal ions from aqueous solutions. The activity of CS was compared to that of 
bark, activated sludge, poly (p-aminostyrene) and other materials by Masri et al. 
(Masri et al., 1974). Results showed CS to possess exceptional binding capacity, 
greater than 1 mmol metal/g for most metals (except for Cr). Most work in literature 
focused on the evaluation of sorption performances and only a few of them aimed to 
understand the sorption mechanisms better. The precise interaction mechanisms, 
between CS and various metal ions have not been completely revealed yet. However, it 
is well accepted that reactive amino and hydroxyl groups may interact with metal ions 
through different mechanisms, such as chelation and ion exchange/electrostatic 
attraction (Guibal, 2004), depending on the metal, the pH, and the matrix of the 
solution. Besides, the protonation of amino groups in acidic solutions gives the 
polymer a cationic behavior and consequently the potential for attracting metal anions 
(Qian et al., 2000; Guibal et al., 2001; Arrascue et al., 2001). Chemical treatment of CS 
such as crosslinking and grafting of functional polymers may not only increase specific 
affinity for more solutes, but also increase the selectivity for some components (Varma 
et al., 2004). The adsorption of copper ion by chitosan has been most studied because 
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copper ion wastewater has a lot of potential sources, including metal cleaning and 
plating baths, pulp, paper and paper board mills, wood pulp production, and the 
fertilizer industry (Gupta et al., 1998). Although studies observed differences in the 
sorption mechanisms, chelation has been generally accepted as the mechanism for the 
interaction between copper ion and chitosan (Guibal, 2004). In terms of copper ion 
adsorption isotherm, both Langmuir and Freundlich (will be explained in Chapter 5) 
have been reported to fit the adsorption better than the other (Wan Ngah and S. 
Fatinathanl, 2007; Zhao et al., 2007), no well accepted conclusion has been made. 
However, for adsorption kinetics, the pseudo second-order kinetics model fits the 
experimental data better than pseudo first-order kinetics model (Ho and Mckay, 2000; 
Wu et al., 2001; Sag and Aktay, 2002; Spinelli et al., 2004; Wan Ngah et al., 2004), it 
may suggests that chemisorptions are the rate controlling mechanism. 
 
Another important application of CS in wastewater treatment is for dye removal. Many 
industries, such as dyestuffs, textile, paper and plastics, use dyes to color their products. 
As a result, a large quantity of colored wastewater is generated by these industries. 
Color has a great influence on water quality. It is the first contaminant to be recognized 
in wastewater. The presence of very small amounts of dyes in water (less than 1 ppm 
for some dyes) is highly visible and undesirable. Many dyes are toxic and even 
carcinogenic which may cause a serious hazard to aquatic living organisms (O’Neill et 
al., 1999; Vandevivere et al., 1998). Wastewater containing dyes is very difficult to 
treat since most of the dyes are recalcitrant organic molecules, resistant to aerobic 
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digestion, and are stable to light, heat and oxidizing agents (Sun and Yang, 2003; 
Kumar et al., 1998). However, CS and CS derivatives are very effective for dye 
removal. As mentioned above, CS has been studied for the removal of many types of 
dyes. However, most of the studies on the removal of dyes by CS-based materials 
focused on the evaluation of the adsorption performances and only a very few studies 
aimed at gaining an understanding of the adsorption mechanisms. In addition, the 
conclusions of these studies are different often one from another, which may be 
attributed to the fact that different types of interactions, such as chemical bonding, 
ion-exchange, hydrogen bonds, hydrophobic attractions, van der Waals force, physical 
adsorption, aggregation mechanisms, dye–dye interactions, etc., can act together 
simultaneously. 
 
2.7.2 Food applications 
 
Because of the properties of antimicrobial, edible, biodegradable and improvement for 
intestinal microflora, CS has been broadly used in food industry. Some of the typical 







Table 2.5 Some of the typical applications of CS in various industry. 




Measure of mold contamination in agricultural commodities 
Edible film industry 
Controlled moisture transfer between food and surrounding 
environment 
Controlled rate of respiration 
Temperature control 
Additive 
Clarification and deacidification of fruits and beverages 
Natural flavor extender 
Texture controlling agent 
Food mimetic 





Feed additive to animals and fish 
Reduction of lipid adsorption 
Production of single cell protein 
Antigastritis agent 
Infant feed ingredient 
 
2.7.3 Pharmaceutical applications 
 
CS is well-known for its biocompatibility, biodegradability, antimicrobial properties 
and action as a promoter of wound healing in the field of surgery (Nishimura et al., 
1987; Muzzarelli, 1989). These characteristic properties of CS make it a promising 
material in pharmaceutical and medical applications. Based on these properties, 
absorption-enhancing, controlled release and bioadhesive properties of CS make it 
suitable for the requirements of many pharmaceutical applications. Various 
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applications of CS in oral, parenteral, ocular, nasal drug delivery and gene delivery 
have been studied, proved CS to be an effective material in these fields (Dodane and 
Vilivalam, 1998). 
 
2.7.4 Opthalmology  
 
Optical clarity, mechanical stability, sufficient optical correction, gas permeability 
particularly towards oxygen, wettability and immunological compatibility are the 
characteristics that are required for an ideal contact len. CS is a biopolymer with all 
these properties. What’s more, the unique properties of antimicrobial and wound 





For photography industries, CS also has become an important material because of its 
relevant properties, including its resistance to abrasion, its optical characteristics, and 
film forming ability. Silver complexes, major components in photography industries, 
are not appreciably retained by CS and therefore can easily be penetrated from one 






Generally speaking, there are two types of applications for CS in bioengineering. The 
first type of applications uses the unique biological properties of CS itself such as 
biocompatibility, biodegradability and antimicrobial properties as a promoter of wound 
healing. These properties make it a promising candidate as a material for tissue 
engineering. The wound-healing mechanism for CS has been studied. The possible 
explanation may lay in the structural similarity between glycosamino glycans and CS. 
The wound-healing effect of CS can be applied for skin replacement (Olsen et al., 
1989; Sandford and Stinnes, 1991). Base on the unique properties of CS, artificial skin, 
bone, liver, nerve, blood vessel and cartilage made from this biopolymer have been 
intensively studied. However, there are still many unsolved problems in the application 
of CS in this area. For example, the improvement of the poor mechanical property of 
CS-made artificial organ, effective delivery strategy of growth factors to CS-based 
scaffold as well as sterility of CS are topics that need to be further explored (Kim et al., 
2008). 
 
Another group of study paid attention to the adsorptive properties of CS. Researchers 
have studied modified/unmodified CS for the separation of proteins or graft it with 
enzyme to catalyze the reaction for bioengineering applications. Simple proteins which 
have affinity with CS such as BSA (Yoshida and Kataoka, 1989) has been studied in 
the early stage, and then protein such as albumin (Ruckenstein and Zeng, 1998), 
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amyloglucosidase (Harsa and Furusaki, 2001) and hemoglobin (Guo et al., 2004) have 
been studied. With the development of technique in this area, molecularly imprinted 
polymer matrix, a more effective form of adsorptive material, has been developed 
based on CS to increase the efficiency of the separation (Guo et al., 2005a; Guo et al., 
2005b). Although insoluble, CS hydrogel has the ability to adsorb significant amount 
of water and has certain flexibility which is important for molecular imprinting (Byrne 
et al. 2002). It’s high content of –NH2
 
 and –OH groups and its biocompatibility, 
chitosan also makes chitosan a promising candidate for molecular imprinting. Metal 
ions, such as Gallium(III) (Inoue et al. 1996), Cu(II), Co(II) (Kandile and Nasr, 2009) 
has been applied due to the effectiveness of molecular imprinting for small molecules. 
However, recently bigger molecular such as Hemoglobin (Guo et al. 2005; Fu et al. 
2008) and L-glutamic acid (Monier and El-Sokkary, 2010) were also separated 
successfully by chitosan-based molecular imprinting technology. Chitosan may be 
further studied in the molecular imprinting field because its great potential. On the 
other hand, because of the special bio-related properties of CS, many enzymes have 
been grafted on CS based supports to overcome the disadvantages of free enzyme and 
to enhance the productivity of the reaction. A great variety of enzymes including 
catalase, cellulase, dextranase, glucoamylase, invertase and laccase (Krajewska, 2004) 
have been immobilized on CS based material, demonstrating that CS is a suitable and 
valuable material as a supporter for enzyme.  
 
 48 
2.7.7 Heterogeneous catalysis 
 
Traditional supports for heterogeneous catalysis are activated carbon (Gallezot et al., 
1996; Khilnani and Chandalia, 2001), alumina (Rajashekharam et al., 1997; Schüth 
and Reinhard, 1998), or silica gel (Macquarrie et al., 2001; Shore et al., 2002). While 
recently, increasing attention has been paid to polymers because they provide special 
structure and affinity to catalytic metals. Derived from the high affinity between CS 
and metal ions, CS has been studied as the carrier for catalytic metals. The 
characteristics that shape CS into a suitable support for catalyst include high sorption 
capacities, stability of CS adsorbed metal anions (such as Pt and Pd) and 
physical/chemical versatility of the biopolymer. To date, CS has been studied as the 
catalyst support for many types of reactions, including oxidation reactions, 
hydrogenation reactions and allylic substitution reactions (Guibal, 2005). 
 
2.8 The form of CS in water treatment 
 
2.8.1 CS dissolved in aqueous solution 
 
The reaction between water dissolved CS and metal ions is quite similar to that 
between solid-form of CS with metal ions. For water dissolved CS (can use 
water-soluble CS or dissolve it in acidic solution), the reactive groups keep the ability 
of binding with metal ions in the solution and result in a soluble/insoluble complex 
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macromolecules. When the macromolecules obtained are no more water soluble, a 
gelation or coagulation reaction happens during the process of binding. Thus metal 
ions can be separated into the solid phase. While in normal cases, the resultant 
macromolecules, generated from the binding of metal ions and CS, are still water 
soluble. In this situation, if ultrafiltration with a suitable membrane cut-off below the 
hydrodynamic size of the dissolve CS molecules is applied, certain solution 
components will pass through the membrane, forming the permeate, whereas others 
will be retained by the membrane, forming the retentate or concentrate. The small 
metal ions bond with CS molecules can be retained, together with the polymer, by an 
ultrafiltration process. By this means, separation of metal ions from solutions can be 
achieved. 
 
Pt2+(Brack et al., 1997) and Mo6+
 
 (Dambies et al., 2001) have been studied to be 
coagulated by CS for separation purpose. Besides, Hg(II) (Kuncoro et al., 2005), Cu (II) 
and Zn(II) (Juang and Chiou, 2000), As(V) (Lin et al., 2008), Cr(III) and Cr(V) (Aroua 
et al., 2007), and even organic matters such as humic acid (Lin et al., 2008; Siyanytsya 
et al., 2008) have been studied to be separated from aqueous solution by CS-enhanced 
untrafiltration. However, no literature reports can be found regarding the desorption of 




2.8.2 CS flakes and gel beads 
 
Most of the studies focusing on CS have been conducted with CS flakes (Guibal, 
2005). It is a form that can be obtained easily from deacetylation of chitin. So the 
studies can pay more attention to the chemical side of CS. Because of the presence of 
abundant reactive amino and hydroxyl groups, CS is highly versatile in adsorptive 
applications. The reactive amino groups and hydroxyl groups often show specific 
affinity to various chemicals and molecules. What’s more, new functional groups can 
be grafted onto the polymer to increase its reactivity (Guibal, 2005) and get certain 
selectivity as mentioned in the adsorption properties of CS. However, flake form will 
lead to the resistance to intraparticle diffusion in CS, and the surface effective for 
adsorption is limited because of insufficient exposure and high crytallinity. So CS 
flakes are not ideal for practical applications.  
 
CS in the form of gel beads is an alternative that can overcome the diffusion limitation 
for CS flakes and have been studied intensively. To prepare a CS gel beads, the typical 
procedure is: a certain amount of CS is dissolved in acetic acid under mechanical 
stirring till the polymer is adequately dissolved and form a transparent viscous solution. 
The CS solution is then pumped through a tiny nozzle into an alkaline coagulation bath 
under mechanical stirring to generate gel beads in spherical shape. Alternatively, the 
coagulation bath also can be inotropic gelation media, consisting of tripolyphosphate 
ions or metal ions to solidify CS from its solution (Lee et al., 2001; Dambies et al., 
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2001; Gan and Wang, 2007).  
 
By the application of a phase inversion technique in coagulation, the inner structure of 
CS gel beads can be porous which favor the intraparticle diffusion. However, because 
the alkali concentration has to be high enough to harden the outer surface of the CS 
beads instantly in CS beads preparation to prevent them from disintegration under 
mechanical stirring, the beads usually have dense skin layer. The dense skin layer 
creates another diffusion barrier and makes the inner structure of the beads 
unreachable, particularly to big molecules such as organic matters, proteins and 
enzymes. Tripolyphosphate can be a coagulation which often results in porous surface 
structure because of different coagulation mechanism. However, the reaction between 
tripolyphosphate and CS will consume the reactive groups on CS and result in lower 
affinity of the produced gel beads. More importantly, regardless of the high selectivity 
of packed bed column, this configuration suffers from the high pressure drop and low 
productivity caused by ineffective intraparticle transport. Therefore, gel beads are not 
an ideal configuration for adsorptive applications. 
 
2.8.3 CS flat sheet membranes 
 
Most of the studies on CS membrane were conducted with flat sheet CS membranes. 
Although most of the flat sheet CS membranes are not mechanically strong, other 
physical supports may be used in applications, which makes the mechanical strength a 
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less major problem for this configuration of CS membranes, especially at lab scale 
applications.  
 
The typical method for the preparation of CS flat sheet membranes, as shown in Fig. 
2.7, usually includes six steps: prepare a dilute CS solution, which may include other 
blend materials such as porogen and supporting polymers; Cast the CS solution/dope 
on a horizontal surface; Remove the solvent by evaporation or heating; Immerse the 
dried membrane in an alkali solution (usually sodium hydroxide solution is used) to 
neutralize the acid remained in the membrane and to have it solidified. Finally, the 
membranes prepared were washed with D.I. water to remove the remaining alkali.   
 
Fig. 2.7 The preparation of chitosan flat sheet membrane 
Usually, drying in air or by heat will lead to a dense structure in the membrane and is 
not favored. However, drying of cast dope on a flat horizontal surface is applied to 
almost all of the pure CS membrane (Sun et al., 2008; Karakeçili, A. G. and M. 
Gümüşderelioğlu et al., 2008). This can be attributed to the weak mechanical strength 
of the CS membranes prepared of direct coagulation from the dope solution. Because 
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the usual concentration of CS dope solution is low, typically at 3-4 wt% in most cases, 
the drying step has to be applied for CS solution below this range of concentrations. 
Otherwise, the mechanical strength of the membranes is too weak for application even 
if it will be supported by other material for use. In order to prepare CS membrane with 
porous structure, the employment of porogen, which will be removed after the drying 
of the membrane, has been applied. Zeng and Ruckenstein employed silica gel as the 
porogen and prepared porous symmetric CS membranes. They also studied the 
application of the membrane as an alternative to affinity column chromatography, for 
protein separations (Zeng and Ruckenstein, 1996; Ruckenstein and Zeng, 1998). 
Similarly, Chao et al. (Chao et al., 2006) also obtained porous CS flat sheet membrane 
successfully using NaCl as porogen. NaCl is a better porogen than silica gel as it can 
be removed completely and conveniently just in water. No mechanical strength data 
were reported. The study on porosity, crystallinity and adsorption capacity of the 
membranes shows that the adsorption capacity are greatly influenced by the porosity 
and crystallinity of the membrane prepared because the CS membrane was dried in air 
which would result in high crystallinity and lower the adsorption capacity.  
 
The traditional dry-plus-coagulation method is successful for the preparation of dense 
and porous flat sheet membrane made from CS. However it can not be applied to make 
CS hollow fiber membranes. First of all, the method uses drying to increase the 
mechanical strength of the flat sheet membranes, but the drying step is not easily 
applicable for hollow fiber fabrication. Another major problem is in the formation of 
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pores because proper pore structures will facilitate the convection across the membrane 
and accelerate the mass transfer. In the preparation of porous CS flat sheet membranes, 
because of the high swelling of CS, the content of porogen (silica/NaCl) added has to 
be even higher (at least 4 times) than that of CS in the dope solution to ensure the 
formation of pores. This will decrease the mechanical strength of the hollow fiber 
membranes prepared further. These problems have not been resolved so far. Therefore, 
the typical dry-plus-coagulation method for flat sheet CS membrane can not be applied 
to the preparation of CS hollow fiber membranes.  
 
Composite CS membranes are an alternative in preparing CS hollow fiber membranes 
with satisfactory mechanical strength. The most used method is dip-coating of diluted 
CS on the surface of a base membrane and then the CS layer is stabilized with 
crosslinking agent. This method is convenient to apply. Besides, it does not have any 
strict requirements for the base membrane which acts as a supporting material for CS. 
This method has been widely applied to many supporting membranes. Most industrial 
engineering polymer such as cellulose filter paper (Yang et al., 2002; Yang and Chen, 
2002), CA porous membrane (Ritcharoen et al., 2008), polysulfone membrane (Feng et 
al., 1996; Miao et al., 2006), polyacrylonitrile (PAN) membrane (Wang et al., 1996; 
Yoon et al., 2006), polyethersulfone (PES) membrane (Uragami et al., 2002; Zhao etal., 
2003) and polyvinylidene fluoride (PVDF) membrane (Huang et al., 2000) have been 
studied to be coated with CS. While dip-coating is easy to operate, the major unsolved 
problem for this method is the limited CS content on the final product. As a result, the 
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adsorption capacities of this type of membranes were rather limited. Most of the 
membranes prepared by the dip-coating method have been used for pervaporation 
since CS content is not crucial for this application.  
 
Another way to prepare CS membrane is by blending CS with other materials in a 
co-solvent and then fabricating the membrane from the blending solution accordingly. 
In comparison with the coating method, the blending method could prepare 
membranes with more homogeneous distribution of CS along the cross-section 
structure of the membrane, which is desirable particularly for affinity separation 
applications.  
 
Since CS is insoluble in common organic solvents but only soluble in dilute acid 
solutions, CS blends are usually prepared with water-soluble polymers (synthetic or 
natural) by dissolving them in a dilute acid solution. This method is to improve the 
mechanical properties of the membrane by the interactions between CS and the 
water-soluble polymer. CS/PEO (Amiji, 1995), CS/PAAc (Hu et al., 2007), CS/PVA 
(Liu et al., 2006; Devi et al., 2006), CS/PVP (Zeng et al., 2004; Zhang et al., 2009), 
CS/alginate (Kanti et al, 2004; Shi et al 2008), CS/hydroxypropylmethylcellulose and 
CS/methylcellulose (Yin et al., 2006) have been studied for the preparation of the 
blend membranes. However, to solidify water-soluble polymers, the membrane has to 
be dried by evaporation to remove the solvent at first and then to be stabilized by 
crosslinking. The evaporation drying step will make the membrane dense. Besides, 
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crosslinking step will consume the reactive groups in CS. Therefore, this method is not 
suitable for the preparation of adsorptive membrane as far as the pore structure and 
adsorption capacity concerned. 
 
In addition to water-soluble polymers, CS has been blended with water insoluble 
polymers. Since the method is to use the blend polymer for the provision of 
mechanical strength, the polymer to be blended has to be soluble in the solvent for CS. 
However, as CS is only soluble in some acidic organic solvents (such as acetic acid, 
formic acid) or their water solution, but most other polymers are not soluble in these 
solvents, the polymers that can be blended with CS are rather limited. Dufresne et al 
(Dufresne et al., 1999) blended CS with polyamide 6 (Nylon) in formic acid to form 1 
wt% solutions and then prepared blend membrane accordingly. It was found that the 
CS phase tended to sediment and form a continuous phase on the lower face of the film 
if the CS content was higher enough. Similarly, Shieh and Huang (Shieh and Huang, 
1998) prepared N-methylol nylon 6/CS blends in 88% formic acid, but no mechanical 
properties and miscibility results were reported. Lima et al. (Lima et al., 2005) 
prepared CS/CA blend film by physically mix the polymers in 0.1M acetic acid 
solutions. It was found that the two polymers combined into a homogeneous film due 
to interchain bonding. Isogai and Atalla (Isogai and R.H. Atalla, 1992) prepared 
CS/cellulose blend film using trifluoroacetic acid (TFA) as the co-solvent for both of 
the polymers. They concluded that cellulose and CS were intimately blended in the 
films. After that, Wu et al. (Wu et al., 2004) also prepared CS/cellulose blend films 
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using trifluoroacetic acid (TFA) as the co-solvent, but they suggested that cellulose and 
CS were not miscible because the mechanical and dynamic mechanical thermal 
properties of the blend membranes appeared to be dominated by cellulose. 
 
2.8.4 CS hollow fiber membranes 
 
The preparation of CS hollow fiber membranes is quite different from the preparation 
of CS beads and CS flat sheet membranes. The challenge lays in the need to maintain 
the shape of the hollow fiber configuration.  
  
To prepare a dope solution into a satisfactory hollow fiber configuration, some 
important conditions have to be met: 1. the concentration of the dope solution is high 
enough for hollow fiber fabrication; 2. the dope solution should be homogenous to 
ensure the uniform composition and smoothness of the hollow fiber membrane 
prepared; 3. hardening of the dope solution fast enough to guarantee the as-spun 
hollow fiber membrane will not be broken by the gravity force applied on the fiber. In 
contrast, the preparation of CS beads and flat sheet membranes does not have as strict 
requirements as for hollow fiber membranes in the homogeneity and hardening rate. 
 
The three requirements mentioned above for hollow fiber preparation are not problems 
for industrial synthetic polymers because the preparation of homogeneous high 
concentration polymer solutions (up to 25 wt%) is easy to achieve. However, these 
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requirements become a big obstacle for CS hollow fiber membrane preparation. The 
first condition may be explained by the critical polymer concentration concept that 
refers to the concentration at which the polymer chains are extremely overlapped and 
entangled, and do not have a sufficient space to stretch (Teraoka, 2002), which will 
result in low apparent solubility of the polymer. If the critical concentration for a 
polymer is high, it is easy to prepared solution at high concentrations. Nevertheless, if 
the critical concentration for a polymer is low, it is difficult to prepare a concentrated 
solution. For most synthetic polymers, the critical polymer concentration is in the 
range of 0.2-0.3 (or 20-30 wt%) (Teraoka, 2002) for successful preparation of 
homogeneous polymer solution to fabricate hollow fiber membranes. CS has high 
swelling ratio and the solution usually has a very high viscosity which decreases the 
critical concentration significantly. For degraded low molecular CS, it has been 
reported that the concentration was as low as about 0.0118 (Desbrieres, 2002) for 
homogeneous solution. The significant difference in the critical polymer 
concentrations between other polymers and CS may also explain the difficulty for the 
preparation of homogeneous high concentration CS solution. The difficulty in 
homogeneity is also caused by the critical polymer concentration of CS. To prepare a 
high concentration CS solution, the polymer has to enter the concentrated regime in 
which polymer does not have enough space to stretch. As a result, when CS flake is 
mixed with solvent at high concentration, the molecules at outer surface of the CS 
flake will swell and dissolve first. Then, the dissolved molecules will fully occupy the 
space in the solution. Therefore, there will be not enough space for other molecules to 
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fully swell and dissolve. As a result, the dope solution prepared will be inhomogeneous: 
it will be a semi-dissolved solution with partially swelled but not fully dissolved CS 
gel clusters. It is important for hollow fiber fabrication that dope solution need to be 
coagulated fast enough to avoid the collapse of hollow fiber configuration because of 
the gravitational effect of the dope solution. However, it is difficult for CS dope 
solution to be hardened rapidly because of CS’s solubility in acidic solutions. Although 
it can not be adequately dissolved in low concentration acids (e.g. 0.1 M acidic acid), it 
does not mean a prepared CS dope solution will be quickly hardened once immersed in 
a mild basic solution. Actually, according to experiments conducted, for a CS dope 
prepared in an acid solution, much stronger alkali has to be used to avoid the collapse 
of the hollow fiber in fabrication. For example, for CS dope in 2% acidic acid solution, 
the concentration of sodium hydroxide has to reach 8-10 wt% to harden the CS hollow 
fiber membranes rapid enough in order to maintain the shape after the dope is pumped 
out of the spinneret. This need for hardening rate usually prevents the CS hollow fiber 
to be prepared into a porous outer surface structure because strong alkali coagulation 
will induce dense structure on the outer surface of the CS hollow fiber membranes 
prepared. Although ultrafiltration or even denser adsorptive membranes have 
advantages for some situations, large pores such as macropores on surface are more 
preferred to minimize the pressure needed for adsorptive membranes.  
 
Several attempts have been made to prepare CS hollow fiber membranes. Pittalis and 
co-workers (Pittalis et al., 1984) prepared CS hollow fiber membrane from up to 5 
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wt% CS solution. They use sodium hydroxide as outer coagulant and ammonia gas as 
inner coagulant. They were perhaps the first group of people who prepared CS hollow 
fibers. However, the mechanical strength of the CS hollow fiber membranes was lower 
than 0.1MPa in terms of the tensile strength. Vincent and Guibal (Vincent and Guibal, 
2001) also reported the preparation of CS hollow fiber membranes. However, neither 
the concentration of CS dope nor the mechanical strength of the resultant hollow fiber 
membranes was reported. Even though drying step would result in dense structure of 
CS membranes, the hollow fiber membranes they prepared were dried in room 
temperature, indicating that the hollow fiber membranes developed by them were not 
strong enough for self-supporting before drying. CS hollow fiber membranes were also 
prepared by Modrrzejewska and Eckstein (Modrzejewska and Eckstein, 2004). The 
key art of their fiber fabrication lays in two techniques: the selection of material and 
the utilization of rheology property of polymers. The first important key point in their 
preparation is the application of “low-viscous CS” that increased the concentration of 
CS from usually 3-5 wt% to 7 wt %. This made it possible to obtain mechanical 
stronger CS hollow fiber membranes. Increasing the crystallinity of CS was also used 
in their preparation method to obtain CS hollow fiber membranes. Many researchers 
have reported that the increase in the shear rate by increasing the dope extruding speed 
can induce the orientation and closer pack of the polymer molecules and thus prepare 
hollow fiber membranes with higher crystallinity to increase the mechanical strength 
(Kurita et al., 1979). Modrrzejewska and Eckstein applied high shear rate, which was 
triggered by spinning rate, to induce the crystallinity and hence improve the 
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mechanical strength of the CS hollow fiber membranes. Although mechanically strong 
CS hollow fiber membranes were prepared successfully, their experimental conditions 
were not applicable to normal molecular-weight CS. In addition, high crystallinity 
needed for preparing mechanically strong hollow fiber membranes is not favorable for 
adsorption. Besides, the increase in dope extruding rate tends to induce denser 
membrane surface (Wijmans et al., 1983; Chung et al., 2000), which is also not 
favorable for making porous adsorptive membranes. In general, there have not been 
satisfactory methods for the preparation of CS hollow fiber membranes with good 
strength and suitable structure as adsorptive membrane.  
 
Several studies have been conducted on the preparation of composite or blend hollow 
fiber membranes to overcome the mechanical weakness of CS hollow fiber membranes. 
A base polymer in a composite or a supporting polymer for a blend membrane can 
provide satisfactory mechanical support. Most of the studies are relevant to the 
preparation of composite CS membranes. As mentioned earlier, the most used method 
is just dip-coating CS on the surface of a base hollow fiber membrane and then the CS 
layer is stabilized with a crosslinking agent. Reaction immobilization of CS is also 
applied to hollow fiber membranes made from a few polymers such as polysulfone 
(Liu et al., 2008), nylon (Xia et al., 2003) and poly(acrylonitrile-co-maleic acid) (Ye et 
al., 2005; Ye et al., 2007). The CS immobilized by reaction is more stable, but most CS 
is just coated on the surface of the hollow fiber with limited CS content.  
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Although CS blend flat sheet membrane has been intensively studied, CS blend 
membrane with other polymers in a hollow fiber configuration is rarely studied. The 
most important discovery in blend flat sheet membrane preparation is perhaps that only 
nylon and cellulose acetate (CA) can provide extra mechanical strength from all the 
materials that have been blend with CS. While the mechanical strength of the 
membrane is not crucial for a flat sheet membrane because it has additional physical 
support in various applications, the need for mechanical strength is important for 
hollow fiber membranes. Given the fact that mechanically strong CS hollow fiber 
membranes have not been satisfactorily prepared, nylon and CA may be the candidates 
as blending polymers to provide the mechanical strength required for the blend CS 
hollow fiber membranes. However, CS and nylon are not well miscible in a co-solvent, 
such as formic acid (Dufresne et al., 1999), even when the concentrations of total 
polymers were as low as just 1 wt%. Therefore, the preparation of CS/nylon blend 
hollow fiber membranes has been difficult. Although cellulose has been reported to be 
blended with CS using some special solvents, the solubility of CS is quite limited 
(lower than 1 wt%) (Isogai and R.H. Atalla, 1992; Wu et al., 2004). Therefore, 
cellulose is also not a good choice for the preparation of blend CS hollow fiber 
membranes. For CA/ CS blend, although some researchers has studied on the flat sheet 
membrane with the blend, only Liu and Bai (Liu and Bai, 2005) have had a few reports 
on the preparation of CS/CA blend hollow fiber membranes because CA is the only 
polymer that has been found to have a co-solvent with CS at high concentration. They 
found CA and CS are mixable in the dope solution. The pore structure of the hollow 
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fiber can be adjusted by the concentration of polymer in the dope and by the 
concentration of alkali in the coagulant. They also proved that the adsorption capacity 
is mainly provided by the nitrogen atoms from CS molecules. 
 
However there are still important improvements that need to be made before CS/CA 
blend hollow fiber membranes can meet the requirements for industry applications. 
Firstly, the concentration of CS in the dope solution was still low. The highest CS 
concentration for normal molecular weight of CS and small molecular weight of CS in 
the dope was at 3 wt% and 4 wt%, respectively. The concentration of CA was higher 
than 12 wt% in the dope to ensure acceptable mechanical strength. The composition of 
such dope solutions therefore limited the CS content in the hollow fiber was at 20-25 
wt% at the most. Secondly, a major challenge was to effectively fix CS in the blend 
matrix during the fabrication. As discussed for pure CS hollow fiber, high 
concentrations of alkali are needed to solidify CS. Otherwise, some CS may be leaked 
out, which reduces the CS content in the final hollow fiber membranes. However, CA 
may be hydrolyzed in high alkali solution: if the concentration of alkali in the 
coagulation solution is too high, the CA in the blend membrane may be hydrolyzed 
into cellulose, resulting in mechanical weakness of the membrane. The solidification of 
CS and the hydrolysis of CA are therefore compromising with each other, increasing 
the preparation difficulty, especially when CS concentrations are high in the dope. The 
highest adsorption capacity for copper ions by the prepared CS and CA blend hollow 
fiber membrane was reported at about 10 mg/g, which may need to be further 
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improved. Besides, the CS/CA blend hollow fiber membranes they obtained were 
relatively dense (water flux was at about 0.1 L/h bar). They did not report the 
continuous removal of pollutants in filtration mode with the developed membranes 
either. Hence, there is a need to explore the application of adsorptive membrane 
process under real operation conditions. 
 
It is clear that a lot of studies have been conducted in the preparation of CS hollow 
fiber membranes for adsorptive applications. There are still major challenges to be 
overcome, including to achieve high CS content, high adsorption capacity, good 
mechanical strength and more porous structure for the hollow fiber membranes 
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3.1 Introduction  
 
In recent years, adsorptive membrane technology has attracted increasing interest in 
many separation applications because of its economical advantage, particularly, in 
separating small and low concentration substances from bulk solution, over 
conventional membrane technology that works on the mechanism of “size exclusion” 
(Avramescua et al., 2003a). Adsorptive membranes carry reactive functional groups on 
the surfaces to capture the targeted substances through specific interactions. Hence, the 
pore sizes of adsorptive membranes are much less crucial for separation, as compared 
to conventional membranes, and can be much larger than the sizes of the targeted 
substances. This could significantly reduce the resistance of flow through the 
membrane and thus lower the energy consumption of the process.  
 
However, most commercially available or conventional membranes are prepared from 
inert industrial synthetic polymers that do not have reactive functional groups. These 
membranes are therefore usually not suitable as adsorptive membranes. The common 
method to obtain adsorptive membranes has been through surface modification of the 
conventional membranes (Matsuyama et al. 1998; Tan and Obendorf, 2006). A major 
problem in the surface modification method is that the harsh physical or chemical 
treatment conditions used can often result in the deterioration of the polymer material 
and also the alternation of the structures of the membranes (Matsuyama et al., 1998).  
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An alternative method to prepare adsorptive membranes is to use polymers containing 
reactive functional groups as the membrane materials, either partly or entirely 
(Bayramoğu et al., 2004; Urmenyi et al., 2005; Han et al., 2006). Among the materials 
with reactive functional groups, CS has been mostly studied (Varma et al., 2004; 
Guibal, 2004; Crini, 2005). Chitosan (CS) is a natural biopolymer, readily available 
from sources such as seafood-processing waste (Shahidi et al., 1999). CS possesses a 
high content of amine groups (up to 7 wt%) that are highly reactive and has been found 
to show affinity to many water contaminants and bioproducts. Considerable efforts 
have been made in research to use CS or modified CS as an adsorbent or for composite 
membranes to remove heavy metal ions or separate bioproducts (Jansson-Charrier et 
al., 1996; Benesch and Tengvall, 2002; Jeon and Höll, 2003; Uzun and Güzel, 2004; 
Yan and Bai, 2005; Adriano et al., 2005; Machado et al., 2006; Vieira and Beppu, 
2006).  
 
Although CS flat sheet membranes or CS composite membranes (supported on other 
flat sheet or hollow fibers) have been prepared (Guibal, 2004; Zeng and Ruckenstein, 
1996; Tsai et al., 2006; Gabelman and Hwang, 1999), these membranes appear to be 
relatively less attractive due to their small specific surface areas or the small amount of 
CS contained and hence low adsorption capacity for adsorptive separation (Guibal, 
2004). To increase the specific surface area, hollow fiber membranes are usually the 
preferred membrane configuration (because of the high packing density) (Gabelman 
and Hwang, 1999). Unfortunately, CS has encountered a significant difficulty to be 
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prepared into hollow fiber membranes with adequate mechanical strength so far. CS 
solution has very high viscosity and the polymer dope solutions used to spin the 
hollow fiber membranes are usually unavoidably to have a low CS concentration 
(often ≤  5 wt%). There have been three representative reports in literature about the 
preparation of CS hollow fiber membranes (Pittalis et al., 1984; Vincent and Guibal, 
2001; Modrzejewska and Eckstein, 2004). The first two studies (Pittalis et al., 1984; 
Vincent and Guibal, 2001) prepared a CS dope solution with about 3-5 wt% 
concentration and the spun hollow fiber membrane did not seem to have a good 
self-supporting capability. Modrzejewska and Eckstein reported (Modrzejewska and 
Eckstein, 2004) CS dope solutions with a concentration up to 7 wt% by using 
“low-viscous” CS, and the strength of the spun hollow fiber membranes was increased 
by increasing the crystallinity of CS in the spinning process. While the requirement for 
“low-viscous” CS limits the choice of CS products in the market, a higher crystallinity 
reduces the adsorption capacity of CS and is therefore not desirable for adsorptive CS 
membrane. 
 
The major obstacle in preparing CS hollow fiber membranes with a high mechanical 
strength arises, to a large extent, from the practical difficulty to obtain highly 
concentrated homogeneous CS dope solutions to spin the hollow fiber membranes. In 
this study, a novel method was developed to prepare homogeneous and high 
concentration CS dope solutions (up to 18 wt%). CS hollow fiber membranes 
fabricated from these high concentration CS solutions showed good mechanical 
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strengths. Adsorption studies for copper ion removal using the prepared CS fiber 
showed a very high adsorption capacity (copper ions were used in this work as a model 




3.2.1 Materials and chemicals 
 
Chitosan (CS), practical grade from crab shells, was supplied by Aldrich. The 
molecular weight (MW) of CS was 319,000 g/mol, calculated through the 
Mark–Houwink equation (Wang et al., 1991) and the N-deacetylation degree was 79%. 
Glacial acetic acid from Merck was used as the solvent for CS. Sodium hydroxide 
from BDH (UK) was used to prepare the inner and outer coagulant solutions. Urea 
provided by Riedel-de Haën (Germany) was used to evaluate the permeating property 
of the hollow fiber membranes for non-adsorptive water-soluble components. Copper 
sulphate pentuhydrate (CuSO4·5H2
 
O) from Nacalai Tesque (Japan) was used to 
prepare copper ion solutions for the adsorption evaluation experiments. Wastewater 
from a wafer fabrication factory in Singapore was also used to test the capability of the 
prepared adsorptive hollow fiber membranes for the removal of copper ions from a 
real industrial wastewater.  
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3.2.2 Preparing highly concentrated CS dope solution and spinning CS hollow 
fiber membrane 
 
CS was first dissolved in 1% acetic acid solution to obtain a 3 wt% CS solution. The 
solution was stirred on a magnetic stirrer for 2 h and then filtered through a 
2.5-µm-pore filter paper to ensure the homogeneity of the solution. The dilute CS 
solution was collected in a glass beaker and subsequently placed in a water bath with 
the temperature maintained at 60 °C. The solution in the beaker was slowly stirred and 
the solvent (i.e., acetic acid and water) in the solution was gradually evaporated off to 
give a more and more concentrated CS solution. When the concentration of the CS 
solution was about to reach a level needed to spin the hollow fiber membrane, as 
determined from the weight of the content in the beaker, heating was stopped and the 
solution was allowed to slowly cool down to the room temperature (23-24 o
 
C). The 
beaker was then covered with a parafilm and the content was degassed in a centrifuge 
(9000 rpm) for 5 min and to remove any air bubbles entrapped in the solution. The 
final concentration of CS in the solution can reach as high as up to 18 wt% and the 
solution can be readily used as the dope solution to spin the CS hollow fiber 
membrane. 
The hollow fiber membranes were prepared through the wet spinning method, similar 
to that described elsewhere (Liu and Bai, 2005). In brief, the clear CS dope solution 
was forced through a stainless steel spinneret comprising an annular ring (with o.d. and 
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i.d. of 1.72 and 0.72 mm, respectively) under high pressure N2 gas at 5 bar and 8 bar, 
and was protruded directly into a coagulation bath (with no air-gap) under zero 
drawing force. The extrusion rate is measured to be 0.11 and 0.1 ml/min, respectively. 
A bore liquid coagulant was delivered simultaneously through the inner core of the 
spinneret by a high-pressure syringe pump. A 10 wt% NaOH solution was used as both 
the external coagulant (in the coagulation bath) and the internal coagulant (the bore 
flow). Although 18 wt% CS dope solution could be prepared, this leads to highly dense 
or non-porous membranes to be obtained, which is less desired for adsorption 
membranes. In this study, two specific types of CS hollow fiber membranes were 
therefore prepared from the dope solutions of CS concentration at 8 and 12 wt%, 
respectively and were examined to demonstrate the workability of the method as well 
as the performance of the prepared adsorptive membranes in heavy metal removal. 
Method a, b, d, or e is not suitable for this system (chitosan only dissolves in acidic 
water solutions). Ternary phase diagrams are often used to optimize the phase 
conversion process in membrane preparation, but it does not suitable for the system, in 
which neutral or weak basic solutions can have chitosan coagulated, because the very 
slow coagulation rate of chitosan will result in the collapse of the spun hollow fiber 
configuration. Other methods mentioned in Chapter 2 were also found not suitable. 
Method a, b, d, or e, the approaches to control pore size and surface area that have 
been discussed in Chapter 2, were also found not suitable for this system (chitosan 
only dissolves in acidic water solutions). a, b, and e are not suitable because the 
solvent is acidic water solution while non-solvent is basic water solution. d is not 
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suitable because the solidification of chitosan is very slow except in strong basic 
solutions. So evaporation does not help to facilitate the coagulation of the spun fiber 




A field emission scanning electron microscope (FESEM, JEOL JSM-6700F) was used 
to characterize the morphologies and structures of the CS hollow fiber membranes. 
The wet samples were treated with propanol and hexane to retain the original 
structures of the membranes for the surface scan. The dried hollow fiber membranes 
were also snapped in a liquid nitrogen environment to give a generally clean break of 
the cross-section for the cross-section scan. As the polymer was non-conductive, the 
samples were coated with platinum powder on the surface for 40 s at 40 mbar vacuum 
before the scanning analysis. The electrical voltage was controlled at below 10 kV to 
prevent possible collapse of the samples caused by the electron beam in the analyses. 
The mechanical properties of the hollow fiber membranes were evaluated through the 
measurement of tensile strength, elongation ratio, and Young’s modulus. Tests were 
conducted with an Instron-5542 Materials Testing Machine equipped with Bluehill Ver. 
2.5 software under the conditions of room temperature and a relative humidity of about 
75%. The initial gauge length was set to 20 mm and the drawing speed was set at 2 
mm/min. The sample hollow fiber was cut into a 50 mm length piece, and attached 
onto the two clamps of the machine. The test data were recorded and the values of the 
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tensile stress, elongation ratio and Young’s modulus of the hollow fiber membranes 
were calculated by the software. For reliability, five measurements were made for each 
sample, and the average values were used in this report. 
 
The specific surface areas of the CS hollow fiber membranes were determined by BET 
method. 
 
The porosities of the CS hollow fiber membranes were estimated through the dry-wet 
weighing method. A certain amount of the hollow fiber membranes stored in deionized 
(D.I.) water in a measuring cylinder was taken out, removed the water in the lumen by 
a rubber pipette bulb and the surface water by placed on a few pieces of tissue paper 
for 2 min, and then weighed, using a beam balance, to obtain the initial weight (Wh). 
The weighted hollow fiber membranes were subsequently dried in a vacuum desiccator 













) was weighed again using the same beam balance. The porosity 
(P) of the hollow fiber membranes was then calculated approximately by 
, where ρw (ρw ≈ 1.0 g/cm3) is the density of water; and 
ρCS (ρCS = 1.4 g/cm3
Urea was used as a model molecule to test the permeating property of the hollow fiber 
membranes for small water-soluble components that do not have affinity to CS. The 
urea solution at a concentration of 50 mg/L was fed from the outer surface to the 
lumen of the hollow fiber membranes at 1 bar pressure and the concentrations of urea 
 (Santos et al., 2002)) is the density of the CS.  
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in the feed and permeate were analyzed with a Shimadzu TOC-500A analyzer (Japan). 
The permeation experiment was done with a syringe and a piece of the hollow fiber 
membrane that was fixed to the needle of the syringe at one end and was sealed with 
epoxy at the other end; as shown in Figure 3.1. Water flux of the membrane was also 
measured in a similar system without urea. 
 
The crystallinity of the dry hollow fiber membrane was measured with a Miniflex 
Rigaku X-ray diffractrometer using nickel filtered Cu kα radiation. The scanning was 
conducted at a speed of 2o per min over the 2θ range from 5 to 60o
 
. The method 
developed by Singh and Ray (Singh and Ray, 1998) was used to calculate the 
crystallinity of the dry hollow fiber membranes. 
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Figure 3.1 Schematic representation of the permeation experimental setup for urea. 
 
     
3.2.4 Adsorption performance for copper ions 
 
A primary evaluation on the adsorptive performance of the prepared CS hollow fiber 
membranes was conducted with copper ion solutions in a series of batch experiments. 
The hollow fiber membranes were cut into pieces at about 0.25 cm length and used in 
the adsorption study. Adsorption performance was examined in terms of the effect of 
solution pH values and the adsorption isotherms. To examine the effect of solution pH, 
adsorption experiments were conducted using copper ion solutions with an initial 
concentration of 50 mg/L but a different pH value in the range of 3 to 5 (higher pH 
was not used to avoid the possibility of precipitation). A certain amount of the wet 
hollow fiber pieces (equivalent to 0.2 g dry hollow fiber membrane) was added into 40 
mL of a copper ion solution in a 50 mL flask. The contents of the flasks were shaken 
in an orbit shaker at 200 rpm and under room temperature for a period of up to 24 h. 
The final copper ion concentrations in the solutions were analyzed. Adsorption 
isotherm study was conducted under room temperature and at an initial pH value of 5, 
with the initial copper ion concentrations varied in the range of 50 to 200 mg/L. A 
certain amount of the wet hollow fiber pieces (equivalent to 0.2 g dry fibers) was 
added into a number of 50 mL flasks, each containing 40 mL of the copper ion 
solution with a different concentration. The contents of the flasks were shaken in an 
 76 
orbit shaker at 200 rpm and under room temperature for a period of 24 h and the final 
concentrations of copper ions in the solutions were measured.  
 
The adsorption of copper ions from a real industry wastewater was also investigated to 
examine the adsorptive performance of the prepared CS hollow fiber membranes, 
especially at low copper ion concentrations. The CS hollow fiber membrane prepared 
from 8 wt% CS solution was used in the experiments. The wastewater was supplied by 
a semiconductor company in Singapore with copper ion concentrations at around 12.1 
mg/L. The wastewater had a pH value about 6.2 and contained organic carbon as TOC 
at 32.5 mg/L. In the isotherm adsorption tests, different amounts of the hollow fiber 
pieces were added into each of 40 mL of the wastewater samples in a number of 50 
mL flasks. The contents in the flasks were shaken in an orbit shaker at 200 rpm and 
under room temperature till the adsorption equilibrium was reached (in two hours). 
The initial and final concentrations of copper ions in the solutions were analyzed. In 
the regeneration/reuse study, the amounts of 0.02 g and 0.25 g wet hollow fiber pieces 
were used respectively. After adsorption, the hollow fiber pieces were separated and 
regenerated in 40 mL of 0.01 M EDTA (which was reused for ten cycles) with pH at 
about 10 adjusted by adding NaOH solution. The mixture was stirred at 200 rpm under 
room temperature for 1 h to remove the copper ions adsorbed. Then, the hollow fiber 
pieces were washed in D.I. water and reused in the subsequent adsorption test. The 
adsorption and desorption cycle was conducted for 10 times.  
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In this study, the concentrations of copper ions in all the samples were analyzed with 
an inductive coupled plasma spectrometer (ICP, Perkin Elma DV3000, OES optical). 
 
3.3 Results and discussion 
 
3.3.1 CS concentration in solutions 
 
The first step for the preparation of a hollow fiber membrane is to obtain a 
homogeneous dope solution of adequate polymer concentration to ensure enough 
strength and uniform structure for the spun hollow fiber membrane. The polymer (may 
include some additives as well) is usually dissolved in a solvent and the solution is 
well mixed to achieve the homogeneity. In general, a higher polymer concentration in 
the solution is desired for a stronger hollow fiber membrane. Higher polymer 
concentrations can allow the polymer chains to overlap or entangle one another for 
achieving better strength but they also cause polymer dissolution and solution 
homogeneity to be more difficult to achieve. For most synthetic polymers, the critical 
polymer concentration, c*, has been found to be in the range of 0.2-0.3 (or 20-30 wt%) 
(Teraoka, 2002) for successful preparation of a homogeneous polymer solution to 
fabricate hollow fiber membranes. CS has high swelling rates and the solution usually 
has very high viscosity. For degraded low molecular CS, it was reported that the 
critical polymer concentration can be as low as about 0.0118 (Desbrieres, 2002) for a 
homogeneous solution. For normal CS with a molecular weight at 100,000 to 
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300,000g/mol, homogeneous solutions with CS concentrations at a maximum of 3-5 
wt% has been reported (Pittalis et al., 1984; Vincent, T. and E. Guibal, 2001; Liu and 
Bai, 2005). To further increase the CS concentration, it has been found that CS could 
not be adequately dissolved, even after a dozen of days, because of the extremely high 
viscosity that prevented the polymer chains from being fully opened. However, 
evidence indicated that CS hollow fiber membranes prepared from solutions of CS 
concentrations at up to 3-5 wt% had tensile strength be less than 0.1 MPa and were not 
strong enough even for self-support in their wet state (Pittalis et al., 1984). 
 
In this study, the dilute-dissolution method allowed CS molecules to be easily and 
fully dissolved at first. Because of the relatively low viscosity of the solution, the 
process also provides another advantage to easily remove any insoluble impurities in 
the CS product from the solution through filtration separation. The subsequent 
evaporating-concentration process with stirring increased the concentration of CS in 
the solution due to the loss of the solvent from the system. Homogeneous CS solutions 
with a concentration at as high as up to 18 wt% has been successfully achieved in this 
study. In Figure 3.2, the photos show the 18 wt% CS solutions prepared by the 
conventional method (direct dissolution) and the method developed in this study. It is 
clear that the conventional method could not achieve the homogeneity (particles are 
still observed) and the CS solution prepared by the new method was essentially very 
uniform with high homogeneity.  
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Figure 3.2 Photos showing 18 wt% CS solutions: (a) prepared by the conventional 
method (direct dissolution) and (b) prepared by the new method (dilute-dissolution and 
evaporation-concentrating). 
 
3.3.2 Morphological properties 
 
Both mercury injection porosimetry and BET porosimetry have been used to determine 
the pore size and size distribution. However, neither of them was found to be suitable 
for the membranes prepared in this study. For the mercury injection porosimetry 
method, the membranes would be deformed under the high pressure. On the other hand, 
BET porosimetry measures the pore size of membranes through the capillary 
condensation mechanism, which is only valid for small pores. The membranes 
prepared in this study have macroporous structure, therefore the pore sizes can not be 
successfully measured by BET. To fill up the gap, FESEM pictures were used to 
elucidate the pore structures of the membranes. The structures and morphologies of the 
CS hollow fiber membranes prepared from 8 and 12 wt% CS solutions were examined 
(referred to as 8CSHF and 12CSHF, respectively). It was found that the outer 
diameters of 8CSHF and 12CSHF were 1630±100 and 1650±100μm, respectively, in 
(a) (b) 
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wet state and changed to 750 ±80 and 760±80μm after drying. The inner diameters of 
8CSHF and 12CSHF were also changed from 680±70 and 670±60μm, respectively, in 
wet state to 430±50 and 440 ±60μm after drying. Figure 3.3 shows the typical FESEM 
images on the cross-section and the surfaces of these CS hollow fiber membranes (dry). 
Both types of the hollow fiber membranes had a sponge-like porous cross-section 
structure, and the pore sizes became smaller with a higher CS concentration in the 
dope solution. The inner surfaces of the hollow fiber membranes were also porous but 
the outer surfaces appeared to be much denser. Although the 10% NaOH solution was 
used as both the inner and outer coagulants, they coagulated CS at different rates on 
the outer and inner sides in the coagulation process (Liu and Bai, 2005). The small 
amount of the NaOH solution in the lumen was rapidly neutralized by the acetic acid 
solution extracted from the CS dope solution, which reduced the coagulation rate of 
CS in the inner side of the hollow fiber membrane, favored the formation of larger 
pores and thus the more porous inner surface. The preparation method for the hollow 
fiber membranes therefore provides the membrane with an interesting structure: porous 
and macrovoids-free cross-section and inner surface, but a relatively dense outer 
surface, can be used as a membrane for both filtration (removal of particles through the 
outer surface) and adsorption (removal of soluble species by affinity) functions. The 
specific surface area for 8CSHF and 12CSHF were 31.20 and 37.20 m2
 
/g, respectively. 
The higher specific surface area for 12CSHF can be attributed to the smaller pores on 
the cross-section. 
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The porosities of the 8CSHF and 12CSHF were found to be around 91.2% and 89.0% 
respectively in wet state, and 77.6% and 73.1% respective in dry state, indicating 
denser polymer content in 12CSHF than in 8CSHF. The urea permeation experiments 
indicated that about 99.1% or 98.8% of the urea molecules passed the 8CSHF and 
12CSHF, respectively. The results suggest that the prepared hollow fiber membranes 
are permeable to small water-soluble components that have no affinity to CS. The 
water flux for 8CSHF and 12CSHF was measured to be 3.15 L m-2 h-1bar-1and 2.38 
L -2 h-1 bar-1
                  8CSHF                    12CSHF 
, respectively. The low water flux is attributed to the dense out surface of 
the membranes. 
     
Cross-section 
     
Cross-section (Enlarged) 
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Outer-surface  
     
Inner-surface 
Figure 3.3 Morphologies of CS hollow fiber membranes prepared from 8 wt% CS 
solution (8CSHF) and 12 wt% CS solution (12CSHF). 
 
3.3.3 Mechanical strength 
 
By using the highly concentrated CS dope solutions, the CS hollow fiber membranes 
were found to become mechanically strong. Table 3.1 summarizes the measured values 
of the tensile strength, elongation ratio and Young’s modulus of the wet CS hollow 
fiber membranes prepared in this study. In general, both types of the CS hollow fiber 
membranes showed high tensile strengths that are comparable to or even higher than 
those obtained from other hollow fiber membranes made of typical industrial synthetic 
polymers (see Table 3.2). The improvements in the mechanical properties of the CS 
hollow fiber membranes, to a large extent, resulted from the use of the highly 
concentrated CS solutions to spin the CS hollow fiber membranes.  
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Table 3.1 Mechanical strength of CS hollow fiber membranes prepared in this study. 
 
 
Table 3.2 Comparison of tensile strength of CS hollow fiber membranes prepared in 
this study with those from industrial synthetic polymers. 
 
Hollow fiber 








Tsai et al., 
2001) 
(Lai et al., 









(Fu et al., 
2005) 
PES 
(Chung et al., 
2000) 
PVC 




ka, 1996)  
PAN 





0.1-0.4 0.94-1.65 1.3-4.3 0.6-1.7 1.1-3.1 
 
3.3.4 Adsorption performance 
Adsorption data for copper ion removal with the prepared CS hollow fiber membranes 
were collected to evaluate their adsorptive performance. Figure 3.4 shows the results 
of copper ion adsorption on 8CSHF and 12CSHF at different solution pH values. In 
general, the adsorption uptakes increased with the increases of the solution pH values. 
At pH below 3, no significant adsorption occurred. In the pH range of 3-5, the 
Hollow fiber type 
Tensile stress at 
break (MPa) 




8CSHF 2.17±0.21 84±7% 3.55±0.12 
12CSHF 3.45±0.19 125±13% 4.69±0.21 
 84 
adsorption uptakes increased significantly with the solution pH values and reached the 
highest uptakes at pH 4.6 or above in the pH range examined. It is advantageous for 
the maximum adsorption uptake to be achieved at the pH closer to the neutral level as 
this can reduce the need for pH adjustment in many cases of applications where water 
or wastewater usually have pH at or near the neutral point. The trend of the changes in 
the adsorption uptakes of copper ions on the CS hollow fiber membranes with different 
solution pH is similar to those using CS as the adsorbent for heavy metal removal (Chu, 
2002). The phenomenon of lower uptake amount at lower pH was attributed to the 
protonation of the amine groups of CS at lower solution pH values, which created 
greater electrostatic repulsion on the metal ions to be adsorbed and therefore reduced 
the amount of adsorption at a lower solution pH.  
 
Adsorption isotherm study is commonly conducted to evaluate the adsorption capacity 
and adsorption pattern of an adsorbent for an adsorbate. Figure 3.5 shows the 
experimental isotherm adsorption results obtained at room temperature and pH 5. The 
adsorption uptake amounts generally increased with the equilibrium copper ion 
concentrations in the solution and approached the maximum at higher equilibrium 
concentrations. The Langmuir and Freundlich isotherm models (discussed in Chapter 8 
Page 144-145) have been used to fit the experimental isotherm adsorption data in this 
study due to their relative simplicity. The Langmuir model (R2 = 0.9938 and 0.9940 
for 8CSHF and 12CSHF) was found to fit the data better than the Freundlich model 
(R2 = 0.9678 and 0.9835 for 8CSHF and 12CSHF), indicating that the surface property 
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of the hollow fiber membrane played a crucial role in the adsorption performance. The 
fitted results from the two models are also included in Figure 3.5. From the Langmuir 
model fitting analysis, the maximum adsorption amount or adsorption capacity, qmax, 

















/g dry hollow fibers, respectively. 
 
Figure 3.4 pH effect on copper ion adsorption on the prepared CS hollow fiber 
membranes (qe is in terms of per gram of dry CS hollow fiber pieces, C0
 
=150mg/L). 
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Langmuir mode l 
Freundlich mode l 
 
Figure 3.5 Experimental adsorption isotherm data and the fitted results by adsorption 
isotherm models to the experimental results (t = 23 °C, pH 5, C0 = 50 to 200 mg/L). 
 
The capacities of 186-206 mg-Cu2+/g CS fiber membranes from this study appear to be 
high as compared to those from earlier reports; see Table 3.3. For example, in terms of 
copper ion adsorption on CS: 103-105 mg-Cu2+/g CS in CS/CA blend hollow fiber 
membranes (Han et al., 2007), and around 80-160 mg-Cu2+/g CS in CS gel beads (Wan 
Ngah et al., 2002; Li and Bai, 2005) were obtained. It is interesting to note that the CS 
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in the hollow fiber membranes prepared from the dilute-dissolution preparation 
method in this work had a much lower crystallinity (13.7%); as indicated in Figure 3.6 
by the lower peak at 2θ around 20o. In literature, the crystallinity of CS may range 
from about 30 to 60% for CS flakes (Singh and Ray, 1998; Trung et al., 2003), and CS 
flat sheet membrane (Chao et al., 2006) and CS hollow fiber membranes 
(Modrzejewska and Eckstein, 2004) prepared by other methods. It has been known that 
a lower crystallinity of CS could contribute to a greater adsorption capacity of CS 
(Kurita et al., 1979
 
). This is because the crystalline part of the polymer is inaccessible 
to both water and metal ions, and hence lowering the adsorption capacity of CS. 
Therefore the low crystallinity of CS, together with the porous structure, achieved in 
the prepared hollow fiber membranes in this study probably play a leading role in 
achieving high adsorption capacities in Figure 3.5. 
Table 3.3 Comparison of copper ion adsorption capacity on CS reported in  
literature and obtained in this work. 
 
Copper ion adsorption 
capacity(mg/g) in terms 
of CS 
Form of CS  Authors 
15.4 Powder Chu (Chu, 2002) 
33.4 Gel beads Wan Ngah et al.  (Wan Ngah et al., 2004) 
42.4 Particles Bal et al. (Bal et al., 2006) 
80.7 Gel beads Wan Ngah et al.  (Wan Ngah et al., 2002) 
105.4 Membrane Han et al. (Han et al., 2007) 
150 Gel beads Zhao et al. (Zhao et al., 2007) 
163.9 Gel beads Li and Bai (Li and Bai, 2005) 
186-202 Membrane This study 
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Figure 3.6 X-ray diffraction spectra of (a) raw CS flake (with normal crystallinity), (b) 
CS in 12CSHF prepared in this study. The peaks at 2θ around 20o
 
 indicate the extent of 
crystallinity. 
3.3.5 Copper ion removal from a real industrial wastewater 
 
Typical results of 8CSHF for the removal of copper ions from a real industrial 
wastewater are shown in Figure 3.7. The results show that the adsorption uptakes 
increased with the increase of equilibrium concentration, a similar phenomenon to that 
observed in Figure 3.5. The TOC of the wastewater remained 32.5 mg/L before and 
after the adsorption test. Therefore, the hollow fiber membrane prepared in this study 
did not show significant adsorption for the TOC in the wastewater but selectively 
adsorbed the copper ions from the wastewater. Experiments indicated that the 
concentration of copper ions in the wastewater can be effectively reduced to below 1 





Technique (TT) to control the corrosiveness of water established by EPA (EPA. 2003). 
The reusability test results also indicated that the capacity of the hollow fiber pieces 
remained at about 90% of the initial capacity even after 10 rounds of 
adsorption-desorption cycles. These results show the potential of the developed 
adsorptive hollow fiber membranes to be used for copper ion removal in the treatment 
of semiconductor industrial wastewater. 


















Figure 3.7 Performance of copper ion adsorption on 8CSHF from semiconductor 











Homogeneous high concentration CS solutions and high strength CS hollow fiber 
membranes have been successfully prepared. The novel dilute-dissolution and 
evaporating-concentration method developed in this study allowed homogeneous CS 
solutions with a concentration at as high as up to 18 wt% to be practically obtained. 
This has overcome the current limitation in the conventional preparation method that 
fails to obtain a high concentration CS solution with homogeneity. From the prepared 
high concentration CS solutions, CS hollow fiber membranes with comparable to or 
even higher mechanical strength (in the wet state) than many industrial synthetic 
polymer membranes were fabricated. The prepared CS hollow fiber membranes were 
found to have porous and macrovoids-free structure on the cross-section and inner 
surface but a much denser outer surface. Adsorption experiments showed that the 
prepared CS hollow fiber membranes had a very high adsorption capacity for copper 
ions. The low crystallinity of CS achieved in the prepared membranes is considered to 
be one of the major factors that contributed to the high adsorption capacity. The 
prepared CS hollow fiber membranes were also shown to effectively remove copper 
ions from a real wastewater from the semiconductor industry. It is expected that there 
will be a great potential for CS hollow fiber membranes to be used in many separation 
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4.1 Introduction  
 
Enzyme catalyzed hydrolysis or synthesis of fatty acid esters, such as p-nitrophenyl 
esters, has been a very important area in many industries and especially for 
pharmaceutical applications (Benjamin and Pandey, 1998; Domínguez de María et al., 
2005; Hasan et al., 2006). Lipases, a type of water-soluble enzyme, have been widely 
studied because they can catalyze the hydrolysis of ester bonds in water–insoluble 
organic substrates under aqueous conditions or the synthesis of esters in organic 
solvents (Shiraga et al., 2005). While most lipase-catalyzed reactions have high 
substrate specificity or selectivity, Candida lipase is of special interest in research and 
applications because this enzyme has been a proven non-specific biocatalyst for many 
important reactions in the manufacture of commercial products (Pimentel et al., 20007). 
More recently, the increasing demand for enzymatic production of biodiesels has also 
urged greater uses of the lipase-catalyzed processes for the industry (Ranganathan et 
al., 2008; Robles-Medina). So far, the high cost of these enzymatic processes are 
however still a major concern for wider or larger scale of industrial applications 
(Ranganathan et al., 2008; Jegannathan et al., 2008). Hence, enhanced properties and 
performances of the biocatalyst are of great interest in research and development for 
practical applications.  
 
In general, the lipase-catalyzed reactions almost always occur at the organic/aqueous 
interfaces. Lipases are spontaneously soluble in aqueous solutions but the substrates 
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are usually not (i.e., lipophilic) (Gandhi et al., 2000; Shamel et al., 2007). A proper 
organic solvent or an emulsifier may have to be used to provide a possible solution for 
the intimate contact between the substrates and the enzymes (Mukataka et al., 
1985; Knezevic
 
 et al., 1998). The practical use of lipases in such pseudo-homogeneous 
reaction systems however poses technological and economical difficulties, including 
the contamination of the products by residual enzymatic activity, challenge in effective 
separation of lipases and thus high cost due to often a single reactor pass usage, low 
reaction equilibrium between substrates and products that limits the reaction kinetics, 
and alteration of the structure and activity of lipases when they are exposed to organic 
solvents and therefore loss of their stability, etc. (Shiraga et al., 2005; Pimentel et al., 
2007).  
Immobilization of lipases on solid supports has gained considerable research attention 
in recent years to increase the function and stability of lipases in response to system 
conditions (Paiva et al., 2000
 
). It has been found that lipases immobilized to or within 
some solid supports may become more catalytically-active and operationally-stable 
(Balcão et al., 1996). Once lipases are immobilized, they become an independent phase 
in the reaction system and can be easily retained, which is advantageous in preventing 
contamination of products by lipase residues, extending the useful active life of the 
lipases (i.e., reusable), and reducing the high cost associated with the separation and 
purification of the enzyme as well as the products (Krajewska, 2004). 
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Lipases, including Candida lipase, have been immobilized on to various supports such 
as PEG (poly ethylene glycol), PVC (poly vinyl chloride), agarose, yeast cells (Shiraga 
et al., 2005), magnetized Dacron (Pimentel et al., 2007), and chitosan through various 
chemical and physical processes (Krajewska, 2004). The chemical methods 
immobilize lipases on supports through strong covalent bonding, but often result in 
changes in enzyme structure. In comparison, the physical immobilization methods rely 
on weaker interactions, such as molecular or electrostatic forces, between enzymes and 
supports, leading to less change in the enzyme’s structure.    
 
Among many of the studies for lipase immobilization, chitosan (CS) has attracted 
intensive attention. Being a natural biopolymer, CS possesses unique characteristic 
properties including non-toxic, biocompatible (Chen et al., 2006), and ultimately 
biodegradable (Muzzarelli, 1997), etc. Besides, the amino and hydroxyl groups in CS 
are active and can be directly used to form weaker bonding with lipases for the 
immobilization (Krajewska, 2004; Rodrigues et al., 2008). So far, the study in CS as a 
support for lipase immobilization has almost all used CS beads or particles (Hung et al., 
2003; Krajewska, 2005; Yi et al., 2008). The configuration of beads or particles as the 
support has certain disadvantages: firstly, the immobilization capacities for lipases 
have been found to be greatly limited (usually low than 1mg/g CS) because of the 
dense surface and low porosity of CS beads or particles (Foresti and Ferreira, 2007). 
Secondly, the mass transfer for the substrate and product in the reaction within a bead 
or particle system is largely limited by the internal pore diffusion that is usually very 
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slow (Ghosh, 2002), hence restricting the actual efficiency of the enzyme catalytic 
reactions. In addition, since the product transfer in the opposite direction as the 
substrate, accumulation of product or lack of substrate at the catalytic reaction 
interface can greatly hinder the reaction processes. Therefore the bead or particle 
configuration of the support for lipases is not desirable for such two-phase reaction 
systems.   
 
On the contrary, the immobilization of lipase on the hollow fiber membrane provides a 
number of advantages: lipase is reusable in catalytic reactions, the contact efficiency 
between the substrate and enzyme is improved and the mass transfer efficiency for 
both the substrate and product is enhanced, largely attributed to the unique mass flow 
patterns in the membrane reaction system (i.e., substrate flow and product flow are 
separated by the membrane at the interface between the immobilized lipase and the 
fluid and are dominated by convective flow) (Ujang and Hazri, 2000). 
 
Although it is desirable to use CS hollow fiber membrane as the support for lipase 
immobilization in the catalytic reaction system, there has been considerable difficulty 
to prepare CS hollow fiber membranes with adequate mechanical strength and being 
available for the intended application so far (Krajewska, 2004; Krajewska, 2005). The 
method developed in Chapter 3 has made it possible to obtain high strength CS hollow 
fiber membranes and the prepared membranes were therefore used in this study for the 
immobilization of Candida rugosa lipase. As a demonstrating application of the 
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immobilized lipases, the catalytic hydrolysis of p-nitrophenyl palmitate (p-NPP) was 
investigated. The interest in using p-NPP as a model fatty acid ester in this study is due 
to the fact that p-NPP is more difficult to be hydrolyzed than other p-nitrophenyl esters 




4.2.1 Materials and chemicals 
 
Chitosan (CS), practical grade from crab shells, was supplied by Aldrich and used as 
received. The viscosity-averaged molecular weight of CS, as determined from the 
Mark–Houwink equation (Wang et al., 1991) in this study, was 319,000 g/mol. The 
N-deacetylation degree of the CS was found to be 79%. Candida rugosa lipase (type 
VII), p-nitrophenyl palmitate (p-NPP), and p-nitrophenol (p-NP) were of biological 
grade and purchased from Sigma. Glutaraldehyde (GLA, 50 wt% in water) was 
obtained from Aldrich. All other chemicals used in this study were of analytical grade. 
Deionized (D.I.) water was used to prepare all solutions in the study. 
 
4.2.2 Preparation of mechanically strong CS hollow fiber membranes and CS 
beads 
 
The requirement in mechanical strength of the CS hollow fiber membranes plays an 
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important role in the success of this study. The preparation of CS hollow fiber 
membranes with high mechanical strength is described in details in Chapter 3 (Page 
67). In brief, CS was first dissolved in 1% acetic acid solution in a beaker to obtain a 3 
wt% dilute CS solution. It was then filtered through a 2.5-µm-pore filter paper to 
remove undissolved impurity. After that, the dilute CS solution in the beaker was 
placed in a water bath with the temperature being maintained at 60 °C to gradually 
evaporate off the water and acid from the solution, which concentrated it to a higher 
CS concentration. According to the mass remained in the beaker, the CS content in the 
solution can be estimated. When the concentration of the CS solution was about to 
reach the level needed to spin the hollow fiber membranes, heating was stopped and 
the solution was allowed to slowly cool down to the room temperature (23-24 oC). The 
beaker was then covered with a parafilm and the content was degassed in a centrifuge 
(9000 rpm) for 5 min to remove any air bubbles entrapped in the solution. The dope 
solution with CS concentration at 12 wt% was prepared and spun into CS hollow fiber 
membranes through the wet spinning method in this study. A 10 wt% NaOH solution 
was used as both the external coagulant (in the coagulation bath) and the internal 
coagulant (the bore flow). The as-spun CS hollow fiber membrane then stayed in the 
10% NaOH coagulation bath for 12 h to reach complete solidification. Subsequently, 
the hollow fiber membrane was taken out and washed in D.I. water to remove the 
residual alkali. The membrane prepared was essentially the 12CSHF in Chapter 3. 
Some of the wet hollow fiber membranes were also dried in an oven at 50 oC for 12 h 
to get dry CS hollow fiber membranes. For comparison, CS beads were also prepared 
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from the same dope solution through a syringe and being coagulated in a 10% NaOH 
solution. The specific surface areas of the CS hollow fiber membrane and CS beads 
were determined by BET method. 
 
4.2.3 Immobilization of Candida rugosa lipase onto CS hollow fiber membranes 
and CS beads 
 
Immobilization of the lipase onto the wet CS hollow fiber membranes was achieved by 
a GLA pretreatment procedure to activate the membrane followed by an adsorption 
process. About 1 g amount of CS hollow fiber membrane (equals to around 120 mg of 
dry CS hollow fiber membrane which was cut into about 0.25 cm in length) was placed 
into 0.025% or 0.25% (v/v) GLA / Phosphate Saline Buffer (PSB 50 mM pH 7.0). The 
mixture was stirred under 200 rpm on a shaker at room temperature for 12 h. After that, 
the CS hollow fiber membranes were taken out and first washed several times with D.I. 
water to remove excess or physically attached GLA and then washed with PSB (50 
mM pH 7.0) solutions. Next, the GLA pretreated CS hollow fiber membranes were 
submerged into 50 mL of 200mg/L lipase solution prepared with PSB (50 mM pH 7.0) 
solutions. The mixture was stirred at 200 rpm on a shaker under room temperature to 
allow the adsorption of lipase on the membranes. The concentration of lipase in the 
mixture was monitored online by a UV- vis spectra-photometer (Agilent 8453) to 
determine the maximum time for lipase immobilization (the time at which no further 
adsorption of lipase on the membrane). Then, different immobilization times shorter 
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than the maximum time determined were applied to find an immobilization time that 
provides high lipase loading as well as good enzyme activity for the later hydrolysis 
study. The lipase-immobilized CS hollow fiber membranes were then taken out and 
washed three times with PSB (50 mM pH 7.0) solutions to remove any free lipases and 
then stored at 4 °C in a refrigerator for further use. The actual concentration values of 
lipases in the solutions were determined by the use of Coomassie Brilliant Blue 
reagent following the Bradford’s method with bovine serum albumin as a standard 
(Bradford, 1976). The adsorbed capacities of lipases on the CS hollow fiber 
membranes were determined by measuring the initial and final concentrations of lipase 
in the solution and washings. The same immobilization method was also applied to 
lipase on the dry CS hollow fiber membranes and on the wet CS beads.   
 
4.2.4 Activity assay of free and immobilized lipases for batch hydrolysis reaction 
 
For easy comparison, the activity of free and immobilized lipase was determined in 
batch experiments according to the method  reported by Chiou and Wu (Chiou and 
Wu, 2004).  
 
The hydrolysis reaction mixture was prepared with 1.0 mL ethanol containing 
14.4 mM p-NPP and 1.0 mL PBS (50 mM, pH 7) in an Erlenmeyer flask. To initiate 
the reaction, a 25mg amount of free or immobilized lipase (on wet and dry hollow 
fiber and CS beads as well) was added into the Erlenmeyer flask. The mixture was 
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incubated at 37 °C water bath with reciprocal agitation at 120 strokes per minute. After 
5 min, the agitation was stopped, and the reaction in the flash was terminated by 
adding 2.0 mL of 0.5N Na2CO3
 
 (to stop the reaction with high pH). The mixture was 
then centrifuged for 10 min at 9,000 rpm. The supernatant of 0.50 mL was taken and 
diluted 10-folds with D.I. water, and then measured at 410 nm in an UV–vis 
spectrophotometer for the absorbance against a blank mixture without lipase treated 
under the same conditions. Because more p-NP in the final solution means more 
p-NPP hydrolyzed by lipases, the activity of the lipase was therefore calculated using a 
standard calibration curve of p-NP versus absorbance. One unit (U) of lipase activity 
was defined as the amount of enzyme necessary to hydrolyze 1 μmol/min of p-NPP 
under the conditions of assay. 
4.2.5 Effect of pH and temperature on the activity of lipase 
 
pH and temperature of the environment usually have influence on the activity of 
enzyme, including lipases. The effects of pH and temperature on the free and 
immobilized lipases on CS hollow fiber membranes were examined in this study. The 
dependence of lipase activities on pH was investigated in the pH range of 4-11 
(changed by the use of 50mM PSB at different pH values) with similarly as for the 
activity assay described early. The dependence of the activities on temperature was 
examined in the temperature range of 27-57°C at pH 7 accordingly.  
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4.2.6 Effect of pH and temperature on the stability of free and immobilized lipase 
 
Lipase stability was evaluated by analyzing the residual activity after pH or 
temperature change. The pH stability of free lipase and lipase immobilized on wet and 
dry CS hollow fiber membranes was studied by incubating the enzyme at room 
temperature in 5 mM PSB of varying pH (5–12) for 1 h and then determining the 
hydrolysis activity at pH 7 and 37°C. Then, residual activities of lipases after pH 
treatment were determined as the ratio of the activity of the enzyme over that without 
pH treatment.  
 
The thermal stabilities of the free and immobilized lipases on CS hollow fiber 
membranes were assayed by immersing them in PBS (5 mM, pH 7.0) for 120 min at 
52 °C. Samples were taken at different times and the residual activities of the lipase 
were determined with the standard activity assay method. 
 
4.2.7 Reusability and storage stabilities of immobilized lipase 
 
Free lipase can not be reused repeatedly. To determine the reusability of the 
immobilized lipase, the wet and dry CS hollow fiber membrane immobilized with 
lipase were removed from the reaction system and washed with PBS (50 mM, pH 7.0) 
for three times to remove any residual substrate attached on the membranes. Then, the 
activities of the reused lipases immobilized on the membranes were examined with 
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fresh reaction medium following the standard activity assay. 
 
The storage stabilities of the free and immobilized lipases on both wet and dry CS 
hollow fiber membranes were assayed respectively by storing them under room 
temperature and in PBS (5 mM, pH 7.0) for up to 10 days. Samples were taken 
periodically and their activities of the lipase were determined following standard 
activity assay. 
 
4.2.8 Continuous hydrolysis of p-NPP using immobilized lipase 
 
An operational problem for the hydrolysis of lipid lays in the different solubility of 
substrate (lipid, which dissolves in organic phase) and product (fatty acid, which 
dissolve in aqueous phase). Therefore, the system is either lack of substrate or 
accumulation of product, both of which make continuous reaction lack of efficiency. 
The membrane configuration can minimize the limitation in mass transfer and make a 
continuous operation much more feasible for a lipase catalyzed reaction that often 
occurs at the interface in a di-phase system. Continuous hydrolysis of p-NPP was 
conducted with lipase immobilized on wet and dry CS hollow fiber membranes 
respectively to compare the performance. Similar to that for the batch hydrolysis 
experiments, immobilization of lipase onto the CS hollow fiber membranes for 
continuous experiments followed essentially the same procedures: a GLA preactivation 
plus lipase adsorption. A suitable concentration of GLA (0.025% GLA was used 
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according to the result of study on immobilization)/PSB (50 mM pH 7.0) was pumped 
through the lumen of the hollow fiber membrane (about 0.5 g of wet hollow fiber and 
around 60 mg of dry hollow fiber) and recirculated for 12h to activate the membrane. 
Then, the CS hollow fiber membrane was washed by recirculation of 100 mL PSB (50 
mM pH 7.0) through the lumen at a flow rate of 30 mL min−1
 
 each for 30 min for three 
times to remove residual GLA. Immobilization of lipase was achieved by recirculation 
of 100 mL of 50 mg/L lipase solution prepared with PSB (50 mM pH 7.0) through the 
lumen of the GLA treated CS hollow fiber membrane at room temperature for 5 h. The 
lipase-immobilized CS hollow fiber membrane was washed three times by 
recirculation of 100 mL PSB (50 mM pH 7.0) through the lumen each time for 2 h to 
remove any free lipase. The immobilized capacities of lipase on CS hollow fiber 
membranes were determined from measuring the initial and final concentrations of 
lipase in the recirculation solutions and in the washing water (deducting those 
physically adsorbed). 
Then, the continuous hydrolysis experiments were performed through recirculating the 
organic phase, i.e. 100 mL of the solution with 14.4 mM p-NPP dissolved in heptane 
solvent, in the lumen side of the hollow fiber membrane at a flow rate of 10 mL/min. 
At the same time, an aqueous phase, consisting of 250 mL of PSB (50mM pH 7.0), 
was maintained on the shell side of the hollow fiber membrane, stirred with a magnetic 
stirrer. The pressure difference from the lumen to the shell side of the hollow fiber 
membrane was controlled by a nitrogen cylinder, and set to 0.05 MPa (0.5 bar). The 
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hydrolytic products, i.e. fatty acids (p-NP), from the catalytic reaction in the aqueous 
phase were neutralized instantaneously by continuously adding 0.01 M NaOH standard 
solution through an automatic titrator, which maintained the pH of the aqueous phase 
constant at pH 7 during the whole process. The consumed volume of the NaOH 
standard solution was recorded at various time intervals and used for the calculation of 
the reaction rate. The schematic diagram of the continuous hydrolysis experimental 
set-up is shown in Figure 4.1. 
 
Figure 4.1 Schematic diagram of continuous experiment where substrate is dissolved 
in organic phase. 
1. nitrogen cylinder; 2. pressure meter; 3. sealed container; 4. beaker containing the 
organic phase; 5. feed pump; 6. magnetic stirrer; 7. beaker containing the aqueous 







4.3 Results and discussion 
 
4.3.1 Properties of CS hollow fiber membranes and CS beads 
 
As mentioned in Chapter 3, the CS hollow fiber membranes found in the literature is 
weak in terms of mechanical strength (i.e. 0.1 MPa in tensile stress) owning to the low 
concentration of dope solution for membrane fabrication. In this work, CS hollow fiber 
membranes and CS beads were prepared from a 12 wt% CS solution. The tensile 
strength of the wet CS hollow fiber membrane was found to be at about 3MPa 
(decreased to around 2.4 MP and 2.8 MPa respectively after treatment with 0.25% and 
0.025% GLA solution for 5 h), indicating sufficient strength that is comparable to 
hollow fiber membranes made of typical industrial synthetic polymers. The hollow 
fiber membranes were also found to be porous in inner surface and cross-section as 
well. The good mechanical strength and porous structure of the hollow fiber 
membranes are desired properties for being used as the support in the immobilization 
of lipase. The wet CS hollow fiber membrane had an outer diameter of about 
1650±100μm and inner diameter about 760 ±60μm. After drying, the size of the CS 
hollow fiber membrane became much smaller, with an outer diameter of 660±60m and 
an inner diameter about 430±60μm, respectively. The diameter of the wet CS beads 
was 4650±200μm (the dry beads were not studied because of its non-porous structure). 
To obtain the SEM images that show the surface morphologies and structures of the 
wet CS hollow fiber membranes and wet CS beads, the samples were treated with 
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1-propanol and 1-hexane to retain their original structures before the SEM surface scan 
(Gollan, 1987). The typical SEM results obtained for the CS hollow fiber membranes 
and CS beads are shown in Figure 4.2. For the wet CS hollow fiber membrane, the 
porous structure is clearly observed in the cross-section and inner surface, although the 
outer surface appeared to be much denser. For the dried CS hollow fiber membrane, it 
apparently became significantly less porous and only small pores may be observed in 
the inner surface and cross-section in the FESEM images shown in Figure 4.2. The CS 
beads were not observed any apparent pores on the surface under the used 
magnification in the SEM scan. The surface areas for wet, dry CS hollow fibers and 
CS beads were found to be 37.2, 27.4 and 27.0 m2
 
/g, respectively. 
               
   
   














Figure 4.2 Pore structures of wet and dry hollow fiber membranes in cross-section and 







Wet CS beads 
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4.3.2 GLA treatment of CS support on lipase immobilization  
 
It was expected that GLA treatment on the CS support will have effect on the amount 
and activity of lipase immobilized. The CS supports treated with different 
concentrations of GLA and the amounts of lipase immobilized at different adsorption 
times were examined to obtain the desired conditions for lipase immobilization. The 
results are shown in Figure 4.3, it is observed that the CS wet hollow fiber membrane 
treated with 0.025% GLA achieved the highest loading amount of lipase. The results 
also show that the wet CS hollow fiber membrane can realize significantly higher 
loading amounts than the dry CS hollow fiber membrane and the wet CS beads as well. 
When 0.025% GLA was used, a 10 h adsorption time was sufficient to reach the 



























0.025% GLA wet 0.25%GLA wet
0.025%GLA dry 0.25% GLA dry
0.025% GLA wet beads
 
Figure 4.3 CS supports treated with different GLA concentrations and their lipase loads 
in the adsorption process. 
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The adsorption loading amounts of lipases shown in Figure 4.3 may not be an accurate 
representation of lipases effectively immobilized on the support because some of the 
lipases may be only physically adsorbed on the surfaces. To correct this, the adsorbed 
amount of lipases and their corresponding activities were measured. The results are 
given in Table 4.1. It can be found that, with the increase of the GLA concentration 
used in the preactivation, the activity of the adsorbed lipases became lower and the 
activity decreased faster with the adsorption time. To retain a relatively high 
immobilized lipase amount and lipase activity, a 5h adsorption time for the 
immobilization of lipases appeared to be adequate. In the following sections, the 
immobilized lipases on CS support (CS hollow fiber membranes or beads) prepared 
from treatment with 0.025% GLA followed by an adsorption immobilization under pH 
7 for 5 h will be further discussed. Under this condition, the amount of lipase 
immobilized on the wet CS hollow fiber membrane was at about 8.7 mg/g-CS, which 
is significantly higher than the 1 mg/ g-CS reported in literature so far (Chiou and Wu, 
2004; Desai et al., 2006) and also higher than the amount immobilized on CS beads. 
This may be attributed to the more porous structure of the wet CS hollow fiber 
membrane prepared in this study. As shown in Figure 4.3 and Table 4.1, even the dry 
CS hollow fiber membranes achieved a much higher immobilization of lipase than the 
wet CS beads although the specific surface area for wet, dry CS hollow fibers and CS 
beads were 37.2, 27.0 and 27.4 m2/g, respectively. This suggests that surface area does 
not account for CS beads to have a much lower immobilization capacity for lipase. In 
Chapter 3, it has been found that the water flux for CS hollow fiber membrane was 
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0.25% 0.025% 0.25% 0.025% 0.025% 0.25% 0.025% 0.25% 0.025% 0.025% 
1 h 2.6 6.2 1.6 4.1 0.45 9.1 10.1 7.8 9.2 11.3 
3 h 3.9 7.9 2.8 4.6 0.65 7.7 8.8 6.9 6.8 9.5 
5h 4.2 8.7 2.8 6.4 0.66 5.2 7.9 4.6 5.8 8.8 
10h -- 8.3 -- 6.4 -- 3.4 6.3 2.6 4.5 -- 
 
One unit (U) of lipase activity was defined as the amount of enzyme necessary to 
produce 1 μmol of p-nitrophenol per min. 
Activity of free lipase: 12.1 U 
 
only 2.38 L m-2 h-1 bar-1, suggesting that the membrane was a nanofiltration membrane 
whose molecular weight cut-off (MWCO) is usually lower than 10kDa. Because the 
molecular weight of lipase is around 30kDa and the surface of CS beads was even 
denser than the outer surface of the CS hollow fiber membranes according to FESEM 
result in Chapter 4. It can be concluded that outer surface of CS beads poses a barrier 
for lipase mass transfer, so that the interior reactive groups were not available for 
lipase immobilization and thus result in a low immobilization capacity. In terms of the 
activity of the immobilized lipase, CS beads showed better performance, but the 
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immobilization capacity is much lower than CS hollow fiber membrane, either dry or 
wet. But in terms of the activity immobilized on unit weight of CS (U/g CS), hollow 
fibers are much higher. High lipase activity and low immobilization capacity for CS 
beads can be both attributed to the dense surface of CS beads. The interior functional 
groups will provide low lipase activity, due to mass transfer of substrate and product in 
reaction. Therefore, the high activity of lipase observed on CS beads is due to lipase 
being immobilized on the surface.  
 
4.3.3 Impact of reaction pH and temperature 
 
Being an enzyme, lipases are known to be strongly influenced by the pH of the 
aqueous medium. The activity of an enzyme responding to different pH values may be 
changed after immobilization because of the interaction between enzyme and the 
supports. Figure 4.4 shows the activity of free and immobilized lipase on CS hollow 
fiber membranes at various pH values examined. It is observed that the optimum pH at 
which the activity of lipase was highest shifted from pH 8 to about pH 7.5 for 
immobilized lipases. In literature, it was also reported that enzyme on polycationic 
supporteds shifted the optimum pH to the acidic side (Vaillant et al., 2000). Since CS 
may be considered to be a polycationic material, so a slight shift to the acidic side for 
the optimum pH after immobilization is in agreement with the literature result. As can 
be found in Figure 4.4, the immobilized lipases showed much larger improvement 
(around 20%) in their activity in the acidic pH range although a smaller extent (range 
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from 10% to 15%) of loss in the activity in the alkaline pH range was observed, as 






















 Free lipase  lipase immobilized on dry membrane  lipase immobilized on wet 
membrane 
Figure 4.4 Effect of pH on the activity of the free and immobilized lipases. 
 
The effect of temperature on the activity of the free and immobilized lipases was 
investigated in the temperature range of 27–57 ºC at pH 7.0. As shown in Figure 4.5 
the optimum reaction temperature for lipase shifted from 37 ºC for free lipases to 47 ºC 
for immobilized lipases. Similar effects have also been reported by others in literature 
(Betigeri and Neau, 2002) where the optimum reaction temperature shifted about 12 ºC 
higher. The results indicated that the immobilized lipases showed higher stability than 
the free lipases at higher reaction temperature. The improved activity for immobilized 
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lipases may be attributed to the conformational limitation of the enzyme at high 
temperature as a result of covalent bond formed between the enzyme and the support 
(Huang et al., 2007) or a low restriction in the substrate diffusion at high temperature 
(Betigeri and Neau, 2002). Higher activity at higher temperature can be important for 
enzyme catalyzed reaction because reaction at higher temperature often is faster but 





















 Free lipase  lipase immobilized on dry membrane  lipase immobilized on wet 
membrane 
Figure 4.5 Effect of temperature on the activity of the free and immobilized lipases. 
 
4.3.4 pH and thermal stabilities of immobilized lipases 
 
Figure 4.6 shows the pH stabilities of free lipase and lipases immobilized on wet and 
dry CS hollow fiber membranes. In general, both free lipase and immobilized lipase 
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did not lose stability at low pH values but significantly so at higher pH values. It is 
observed that for free lipase, in the pH range of 5-7, there is no activity loss, while for 
immobilized lipase, the stable pH range was broadened to 5-8. However, it is clear in 
Figure 4.6 that at high pH values (e.g., pH 7 to 12), the free lipase always showed 
lower stability than the immobilized lipases. It indicates that the pH stabilities were 




















 Free lipase  lipase immobilized on dry membrane  lipase immobilized on wet 
membrane 
Figure 4.6 pH stabilities of free lipase and immobilized lipase. 
 
Figure 4.7 shows the thermal stabilities of free lipases and lipases immobilized on the 
wet and dry CS hollow fiber membranes. It can be observed that the free lipase almost 
lost its initial activity entirely after 1.5h at 52 ºC. In contrast, the immobilized lipases 
retained their initial activity at 37 ºC at about 68% for wet CS hollow fiber membrane 
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and 38% for the dry one, respectively, even after 2 h in such high temperature. This 
indicates that the thermal stability of the immobilized lipases is much better than that 
of the free ones, probably attributed to the interaction between the enzyme and the 
support that prevented the conformation transition of the enzyme at a higher 
temperature. It is clear that lipases immobilized on the wet CS hollow fiber membrane 
showed higher stability than those immobilized on the dry CS hollow fiber membrane.  
In the drying process, some of the fine structure of the membranes, which provided 
greater conformational limitation on the enzyme as a result of covalent bond formation 
between the enzyme and the support (Huang et al., 2007), were collapsed. On the other 
hand, it was reported (Chiou and Wu, 2004) that the swelling of dry CS will decrease 
the stability of the immobilized lipase because the increase in molecular distance with 
the process of swelling will result in the weakening of the covalent bond between the 
lipase and the membrane result in the breakage of bond and release of enzyme. 
Therefore the difference in the stability may be caused by both the difference in pore 





















 Free lipase  lipase immobilized on dry membrane  lipase immobilized on wet 
membrane 
Figure 4.7 Thermal stabilities of free lipase and immobilized lipase. 
 
Usually, free enzymes can be used only once but immobilized enzymes may be used 
for several times (Kennedy and Melo, 1990). The operational stability of the 
immobilized lipase was evaluated in a series cycles of the batch process in this study. 
Figure 4.8 shows the retained activity of the immobilized lipase on the wet and dry CS 
hollow fiber membranes versus the cycle numbers. It can be seen that the residual 
activity of the immobilized lipases did decrease fast in the initial few cycles (<4) for 
both the wet and dry hollow fiber membranes. After around 4 cycles, the residual 
activities retained a relative stable value up to the 10th cycles tested. After 10 cycles of 
use, the residual activities of lipases on the wet and dry hollow fiber membranes were 
still at about 35% and 25%, respectively. The decrease in the activity with the cycle 
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numbers initially may be caused by the leakage of the immobilized lipase and the 
inactivation of some of the enzymes. The difference in residual activities for lipase 
immobilized on wet and dry CS hollow fiber membranes can be attributed to the pore 
structure difference that influence the covalent bond formation between the 
membranes and lipase, and the swelling of CS. The pore collapse occurred for dry 
hollow fiber membrane weakened the interaction between the membranes and the 
lipase and result in greater leakage of the immobilized lipase than wet hollow fiber 
membranes.  
 
























 lipase immobilized on dry membrane  lipase immobilized on wet membrane 
Figure 4.8 Reusability of immobilized lipase. 
 
The storage stability of enzyme has great importance in applications. To enhance the 
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storage stability of enzyme is often one of the important areas for enzyme 
immobilization. Figure 4.9 shows the storage stability of free lipases and lipases 
immobilized on the wet and dry CS hollow fiber membranes. It can be observed that 
after 10 days of storage, free lipase lost about 93% of its initial activity, as compared to 
the immobilized lipases that still retained their initial activity of about 45% for the wet 
CS hollow fiber membrane and 31% for the dry membrane after 10 days of storage, 
respectively. Besides, lipases immobilized on the wet CS hollow fiber membrane 
showed better storage stability than those immobilized on the dry CS hollow fiber 
membrane. This result is similar to that from the thermal stability. This also indicates 
























 Free lipase  lipase immobilized on dry membrane  lipase immobilized on wet 
membrane 
Figure 4.9 Storage stability of free and immobilized lipase. 
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4.3.6 Study of continuous catalysis of immobilized enzyme 
 
Lipases immobilized on beads can not be applied to a two-phase bioreaction because 
usually the substrate and product of lipid hydrolysis reaction are soluble on different 
phases, i.e. organic phase and inorganic phase, respectively (Shamel et al., 2007). It 
will result in either accumulation of product or lack of substrate at the catalytic 
reaction interface for beads-shaped catalyst. On the contrary, membrane configuration 
makes a bi-phase bioreaction much more feasible. With the application of lipases 
immobilized on the membrane, the catalysis reaction can occur at the interface of the 
two phases, which is located at the cross-section of the membrane as shown in Figure 
4.10. Another advantage for lipase immobilized on hollow fiber membrane is the 
application in continuous systems without the step for separation of the product in the 
reaction. The immobilization time of lipase on the dry and wet CS hollow fiber 
membranes for the continuous experiment was 5 h, based on the results in the batch 
experiments. The lipases loaded to wet and dry CS hollow fiber membranes were 
found to be 6.3 and 4.6 mg/g CS, respectively. The immobilization capacities for the 
continuous experiments were lower than those for the batch experiments. This was due 
to the outer surface of the membrane was not available for lipase immobilization 
because immobilization was only done in the lumen of the hollow fiber membranes. 
Figure 4.11 shows the concentration increase of p-NP, the hydrolysis product, in the 
aqueous phase vs reaction time, indicating the ability of the CS hollow fiber membrane, 
immobilized with lipase, to hydrolyzing p-NPP. It was noted that although the weight 
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of the hollow fiber membranes and total lipase added in the experiments were equal, 
the p-NP production from the wet membrane process was much higher. This can be 
explained by its higher lipase immobilization capacity and better diffusion through the 
pores as well. When a two-phase reaction in hollow fiber membrane is applied, the 
products may accumulate to reach the critical micelle concentration and clog the pores 
of the membranes. However, the concentration of the product can be well controlled by 
the application of the reaction in a CSTR (constant stirred tank reactor) mode.  
 
Figure 4.10 The scheme of a two-phase reaction in hollow fiber membrane, where the 
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Pure CS hollow fiber with high mechanical strength has been successfully applied to 
the immobilization of Candida rugosa lipase after a glutaraldehyde activation step. The 
lipase immobilized CS hollow fibers were applied for hydrolysis of p-nitrophenyl 
palmitate in batch and continuous reaction systems as well. The immobilization 
capacity can reach up to 8.7 mg/g CS which attributed to abundance of reactive site for 
CS and the porous structure of the membranes. The optimal immobilization parameters 
are studied. Both wet and dry CS hollow fiber membranes have been studied for 
immobilization regarding pH and thermal effect and stability and compared with free 
lipase. The results show that immobilization has improved the reusability and stability 
of lipase successfully. The reusability, storage stability and continuous hydrolysis in 
oil/water interface for immobilized lipase were also examined and compared with each 
other. The results demonstrate that wet CS hollow fibers have higher immobilization 
capacity and higher stability as well. The difference disclosed that porous structure is 









A NOVEL METHOD TO PREPARE HIGH CHITOSAN CONTENT 
BLEND HOLLOW FIBER MEMBRANES USING A NON-ACIDIC 

















Adsorptive membranes are attractive in many important separation applications such 
as removing heavy metal ions from water or wastewater in environmental engineering, 
recovering proteins from fermentation broth in bioengineering and removing toxic 
substances from blood in hemodialysis (Avramescu et al., 2003b; Liu and Bai, 2006a; 
Bonomini et al., 2006). Adsorptive membranes have reactive functional groups on the 
surfaces, including –COOH, –SO3H, and –NH2 groups, that can bond the targeted 
substances through specific interactions such as surface complexation or ion exchange. 
Hence, the targeted substances can be removed from an aqueous solution when they 
are in contact with the surfaces of the adsorptive membranes, even through the pore 
sizes of the membranes may be much larger than the dimensions of the substances to 
be separated. Thus, adsorptive membranes have many unique advantages, including 
fast separation rates, high efficiency, good selectivity, low energy requirement and, 
possibly, large permeate flux. However, commercially available adsorptive 
membranes have so far been rather limited. Most conventional membranes are made 
from relatively inert synthetic polymers, such as polysulfone (PS) (Muñoz-Aguado  
et al., 1996), polyethersulfone (PES) (Torrestiana-Sanchez et al., 1999), 
polyvinylidene difluoride (PVDF) (Bottino et al., 1991), polypropylene (PP) (Nagō 
and Mizutani, 1996), etc. and these polymers are lack of reactive functional groups on 
their backbones. Due to this reason, conventional membranes are usually suitable for 
size-exclusion based separation (i.e., filtration) but not suitable for adsorptive 
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separation that works on the principle of affinity. Most current methods to prepare 
adsorptive membranes are therefore through surface modification of the conventional 
membranes (Saito et al., 1989; Choi et al., 1999; Büyüktuncel et al., 2001; 
Ramamoorthy and M. Ulbricht, 2003). These methods are however usually 
complicated, involving a number of steps, and are often found to cause deterioration of 
the base membranes, attributed to the harsh physical or chemical treatment that is 
needed for the surface modification (Avramescu et al., 2002). The surface 
modification method also makes it difficult to retain the pore sizes or porous structures 
of the original base membranes.  
 
There has been increasing research interest in using biopolymer chitosan (CS) to 
prepare adsorptive membranes (Ruckenstein and Zeng, 1998; Beppu et al., 2004), 
largely attributed to the high content of amine groups (–NH2) in CS. The amine groups 
can serve as the reactive sites that are available directly for adsorption separation 
applications or for easy surface modification to enhance the adsorption capacity or 
selectivity of CS when necessary. CS, a natural biopolymer, can be obtained through a 
simple deacetylation reaction of chitin that is widely available from crustacean and 
microorganism walls or from insect and mollusk shells (Crini, 2006). Although pure 
and composite CS flat sheet membranes have been fabricated, these membranes are 
relatively less attractive for adsorptive separation due to their small specific surface 
areas (Guibal, 2004). Increasingly, hollow fiber membranes have become the most 
preferred membrane configuration because of their high packing density and 
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self-supporting nature (Gabelman and Hwang, 1999). Unfortunately, CS solution has 
very high viscosity and the polymer dope solution used to spin the hollow fiber 
membranes is unavoidably with low polymer concentrations. This has usually 
restricted the successful preparation of CS hollow fiber membranes with mechanical 
strength good enough for self-support. Although mechanically strong pure CS hollow 
fiber membranes were prepared in the Chapter 3, dense outer surface was inevitable 
and not preferred for ideal adsorptive membrane. One of the promising candidates for 
CS-based adsorptive hollow fiber membranes has been to make CS blend hollow fiber 
membranes, in which CS acts as a functional polymer and another polymer acts as the 
matrix polymer to provide the necessary mechanical strength. So far, although 
chitosan has been blended with nylon and cellulose acetate to prepare flat-sheet 
membrane (Dufresne et al., 1999; Lima et al., 2005; Isogai and R.H. Atalla, 1992; Wu 
et al., 2004), no successful preparation of chitosan blend hollow fiber membrane has 
been reported in literature. CS and cellulose acetate (CA) blend hollow fiber 
membranes have been successfully developed in our group (Liu and Bai, 2005; 2006b). 
The blend hollow fiber membranes were found to achieve relatively good adsorption 
performance, compatible mechanical strength to commercial membranes, and have 
highly porous structures that are desirable for adsorptive membranes. To further 
improve the adsorptive performance of the membranes, a logical solution is to increase 
the CS content in the blend hollow fiber membranes. However, the high viscosity of 
CS solution has largely limited the amount of CS that can be used in the polymer 
blend dope to spin the hollow fiber membranes. Liu and Bai have made CS/CA blend 
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hollow fiber membranes from dopes with 1-3 wt% CS and 12-19 wt% CA (Liu and 
Bai, 2005; 2006b) and the adsorption capacity was less than 10 mg/g hollow fiber. To 
increase the amount of CS and hence the adsorption capacity of resultant hollow fiber, 
CS with a much lower molecular weight (thus lower viscosity in the dope) has been 
used and the blend hollow fiber membranes were successfully fabricated from a dope 
with 4 wt% CS and 12 wt% CA (Liu and Bai, 2006a). The increase of CS content in 
the blend hollow fiber membranes has indeed significantly enhanced the adsorption 
capacity of the membranes from about 1 mg/g hollow fiber to 6-7 mg/g hollow fiber 
(Liu and Bai, 2006a). A disadvantage of this approach is however that CS naturally 
exists in large molecular weights and the need to degrade CS into smaller molecular 
weights would incur additional cost. Moreover, all the methods so far to prepare CS or 
CS blend solution have to use acidic solvents, particularly organic acids such as acetic 
or formic acid. This is due to the fact that the solubility of CS in other organic solvents, 
especially non-acidic ones, is very low (Kumar, 2000). On the other hand, most 
polymers, especially synthetic ones, can only dissolve in non-acidic organic solvents. 
As a result, the choice of solvents that can be used to prepare CS blends with other 
polymers and the types of polymers that can be used as the matrix polymer in the CS 
blends to prepare the blend hollow fiber membrane has been rather limited. While 
formic or acetic acid has been successfully used to prepare CS/CA blend hollow fiber 
membranes, the strong acid nature of the solvents usually need stronger coagulants, 
such as alkaline solutions rather than water, to be used in the fabrication process. This 
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would increase the preparation cost and may also result in the weakening of the 
membrane because of the hydrolysis of CA in basic solution. 
 
In this study, a novel method was developed to prepare CS/CA blend hollow fiber 
membrane with a high content of CS at its naturally large molecular weight and with 
the use of a non-acidic organic solvent to prepare the dope for spinning the blend 
hollow fiber membrane. CS nano-particles were first synthesized with the addition of a 
surfactant in a CS solution. The surfactant made it possible for the chitosan 
nano-particles to be dispersed uniformly into a common non-acidic organic solvent, 
N-methyl-2-pyrrolidone (NMP), that also has good solubility to CA (as well as to 
many other polymers, including the synthetic ones). The CS/CA blend dope prepared 
from NMP was spun for the adsorptive hollow fiber membranes with water as the 
effective coagulant. The prepared adsorptive hollow fiber membranes were examined 
for their structural characteristics and their adsorption performance in the removal of 
copper ions from aqueous solutions. The choice to use copper ions in the adsorption 
experiments was to make the results easy for comparison with some early results 









5.2.1 Materials and chemicals 
 
Chitosan (CS), practical grade from crab shells, was supplied by Aldrich (Germany) 
and used as the functional polymer. The viscosity-averaged molecular weight (MW) of 
CS was 319,000 g/mol and the N-deacetylation degree was 79%. Cellulose acetate 
(CA), with an acetyl content of 40% and a MW of 37,000 g/mol, was obtained from 
Fluka (USA) and used as the matrix polymer. Glacial acetic acid and sodium dodecyl 
sulfate (SDS) from Merck (Germany) were used as the solvent and surfactant, 
respectively, in the preparation of CS nano-particles. N-methyl-2-pyrrolidone from 
Fluka (Germany) was used as the non-acidic dope solvent to prepare CS/CA blend 
dope for the spinning of the blend hollow fiber membrane. Copper sulphate 
pentahydrate (CuSO4·5H2
 
O) from Nacalai Tesque (Japan) was used in the preparation 
of copper ion solutions for the adsorption experiments. 
5.2.2 Preparation of blend dope and spinning of blend hollow fiber membrane 
 
The dried CS was first dissolved in 0.5% (v/v) acetic acid in a beaker to obtain a 0.1% 
(w/v) CS solution. The solution was stirred on a magnetic stirrer for 2 h to ensure the 
homogeneity. Then, SDS was added, at a weight ratio of 1.5:1 for SDS:CS, into the 
CS solution with continuous stirring. CS/SDS nano-particles were formed 
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simultaneously upon the addition of SDS in the solution. After 2 min of further stirring, 
the CS/SDS nano-particles were collected from the solution through centrifugation 
with a centrifuge (SIGMA 3-16-19776, UK) at 150 Hz (9000 rpm) for 10 min. The 
supernatant was discarded and the nano-particles were then added into the NMP dope 
solvent in a beaker. The content of the beaker was mechanically stirred for 1 h to 
achieve uniform dispersion of the nano-particles. When necessary, an ultrasonic bath 
(ELMA LC30, Germany) may also be applied to the content of the beaker for a few 
min to help the free up of the air bubbles that were entrapped in it. Finally, a stable and 
translucent solution was obtained. 
 
To prepare the blend dope for the spinning of hollow fiber membranes, CA was added 
into the NMP dope solvent with CS/SDS nano-particles being already dispersed (or 
dissolved) in it. The mixture was mechanically stirred at 3.33 Hz (200 rpm) at room 
temperature (about 23 °C) overnight to ensure complete dissolution of CA (CA was 
observed to usually only take 15-30 min for dissolution in the NMP solvent). The 
resultant dope was then degassed by leaving it in the dope tank under vacuum 
(50 × 10-5
 
 mPa (50 mbar)) for 2 days without stirring to free up the air bubbles 
entrapped in the dope. 
The CS/CA blend hollow fiber membranes were then prepared through wet spinning 
the blend dope into a coagulant in a similar method described in details elsewhere (Liu 
and Bai, 2005). In brief, the homogeneous blend dope was forced through a stainless 
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steel spinneret comprising an annular ring (with o.d. and i.d. of 1.72 and 0.72 mm, 
respectively) under high pressure N2
Table 5.1
 gas, and was protruded into a coagulation bath. A 
bore liquid coagulant was delivered simultaneously through the inner core of the 
spinneret with a syringe pump. Water was used as both the external coagulant (in the 
coagulation bath) and the internal coagulant (the bore flow). For the purpose of 
comparison, pure CA hollow fiber membrane, together with CS/CA blend hollow fiber 
membranes at two different CS/CA ratios, was prepared, respectively. The total 
polymer content in the dope has been set at 17 wt%, and the weight ratios of 
CS:CA:NMP in the dopes for the three types of hollow fiber membranes were at 
0:17:83 (Pure CA), 2.5:14.5:83 (CS/CA Blend I) and 5:12:83 (CS/CA Blend II), 
respectively. Other details are included in . The SDS in the membrane can be 
removed by immersing the membranes in sodium phosphate buffer (pH 9) with 
stirring for 2h. 
 
5.2.3 Characterization  
 
A field emission scanning electron microscope (FESEM, JEOL JSM-6700F, Japan) 
was used to characterize the morphologies of the CS/SDS nano-particles and the 
structures of CA and CS/CA blend hollow fiber membranes. For the CS/SDS 
nano-particles, a drop of the solution with the particles was spread on a standard 
copper stand and dried under vacuum before the scanning analysis. For the hollow 
fiber membranes, the wet samples were treated with propanol and heptane to retain 
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their original structures before drying for the preparation of surface scan. The dried 
hollow fiber membranes were also snapped in liquid nitrogen to give a generally clean 
break of the cross-section for the cross-section scan. As the polymers were 
non-conductive, the samples were coated with platinum powder on the surface for 40 s 
at 40 × 10-5
 
 mPa (40 mbar) vacuum before the scanning analysis. The electrical 
voltage was controlled at below 10 kV to prevent possible collapse of the samples 
caused by the electron beam in the analyses. 
Table 5.1 Spinning conditions, resultant hollow fiber membranes and adsorption 
performance. 
 
 Pure CA CS/CA Blend I CS/CA Blend II 
Dope(CS:CA:NMP) 0:17:83 2.5:14.5:83 5:12:83 
Bore fluid  Water Water Water 
External coagulant Water Water Water 










Room humidity ~75% ~75% ~75% 
Outer diameter(µm) 1580±72 1450±87 1520±108 
Inner diamerer(µm) 648±61 630±83 602±93 
Adsorption amounts 
for copper ions (mg/g 
dried hollow fiber at 
pH 5) 
0.011±0.01 15.14±0.86 31.00±1.02 
Adsorption amounts 
for copper ions (mg/g 
CS at pH 5) 




A Fourier transform infrared (FTIR) spectroscope (Shimadzu H8400, Japan) was used 
to characterize CS, SDS, and CS/SDS nano-particles. Each sample was ground into 
powder with KBr in the weight ratio of 2:100 and prepared into a tablet for the FTIR 
scan. 
 
The thermogravimetric analysis (TGA) of CS, SDS, and CS/SDS nano-particles was 
conducted using a Shimadzu DTG-60AH (Japan) thermal analysis station. The dry 
samples were heated from 30 to 900 °C at the rate of 10 °C/min under a nitrogen 
atmosphere. The first derivative of the mass-change with respect to the time, i.e., 
dm/dt or derivative thermogravimetry (DTG) was calculated and plotted as a function 
of the temperature. 
 
The mechanical property of the dry hollow fiber membranes was evaluated through 
the measurement of tensile strength, elongation ratio, and Young's modulus at break. 
Tests were conducted with an Instron-5542 (UK) Materials Testing Machine equipped 
with Bluehill (Instron) Ver. 2.5 software under the conditions of room temperature 
(about 23 °C) and a relative humidity of about 75%. The initial gauge length was set to 
100 mm and the drawing speed at 2 mm/min. The sample hollow fiber was cut into a 
140 mm length, and attached onto the two clamps of the machine. The test data were 
recorded and the values of the tensile stress, elongation ratio at break and Young's 
modulus of the hollow fiber membranes were calculated by the software. For 
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reliability, five measurements were made for each sample, and the average value was 
reported in this study. 
 
5.2.4 Adsorption performance for copper ions 
 
Primary evaluation on the adsorptive performance of the blend hollow fiber 
membranes was conducted with copper ion solutions in a series of batch experiments. 
The dry hollow fiber membranes were cut into pieces of about 0.25 cm length and 
used in the adsorption study. Adsorption performance was examined in terms of 
adsorption kinetics, adsorption isotherms, and effect of solution pH. For adsorption 
kinetic study, the initial solution pH was set at 5 and the initial copper ion 
concentration was 50 mg/L. An about 0.45 g amount of dry hollow fiber pieces was 
added into 500 mL of the copper ion solution in a 1-L flask. The content of the flask 
was shaken in an orbit shaker at 3.33 Hz (200 rpm) and under room temperature 
(23 °C) for a period of up to 15 h. Samples were taken at various desired time intervals 
and analyzed for copper ion concentrations. Adsorption isotherm study was conducted 
at room temperature and pH 5, with the initial copper ion concentrations varied in the 
range of 10-120 mg/L. An about 0.036 g amount of dry hollow fiber pieces was added 
into a number of 100 mL flasks, each containing 40 mL of the copper ion solution with 
a different concentration. The contents of the flasks were shaken in an orbit shaker at 
3.33 Hz (200 rpm) for a period of 5 h and the concentrations of copper ions in the 
solutions were analyzed. To examine the effect of solution pH, adsorption experiments 
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were conducted with copper ion solutions at an initial copper ion concentration of 
50 mg/L but a different pH value in the range of 3-6. An about 0.45 g amount of dry 
hollow fiber pieces was added into 500 mL of a copper ion solution in a 1-L flask. The 
contents of the flasks were shaken in an orbit shaker at 3.33 Hz (200 rpm) and room 
temperature for a period of up to 24 h. The final copper ion concentrations in the 
solutions were determined. All the samples for copper ion concentration in this study 
were analyzed with an inductive coupled plasma spectrometer (ICP, Perkin-Elmer 
DV3000, OES optical, USA). 
 
5.3 Results and discussion 
 
5.3.1 CS/SDS nano-particles and their dispersion in NMP dope solvent 
 
The addition of SDS into the CS solution immediately resulted in the formation of 
CS/SDS nano-particles. Figure 5.1 shows the FESEM image of the CS/SDS 
nano-particles after 2 min of reaction from the addition of SDS. The nano-particles 
were in reasonably good spherical shape and had sizes in the range of about 
50-150 nm (with an average diameter of about 101.5 nm determined by the software 
with the FESEM equipment). After 2 min reaction, the nano-particles were separated 
by centrifugation and the supernatant was checked for CS content. The test showed no 
CS in the supernatant anymore because further addition of SDS or NaOH solution into 
the supernatant did not result in the formation of any additional nano-particles and the 
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supernatant remained clear (if CS still existed, it would coagulate or form additional 
nano-particles, and the supernatant should became turbid). Hence, a 2 min reaction 
time appeared to be adequate to fully convert CS into nano-particles and was used in 
this study. The weight of the nano-particles formed from 1 g of CS is about 1.85 g 
after drying. 
 
Figure 5.1 FESEM image of CS/SDS nano-particles (×30,000). 
 






Figure 5.2 shows the FTIR spectra of CS, SDS and CS/SDS nano-particles. It is clear 
that the FTIR spectrum of CS/SDS nano-particles is very different from that of CS or 
SDS and almost none of the same peaks in the FTIR spectrum of CS or SDS were 
found in that of the CS/SDS nano-particles. The FTIR spectra appear to suggest that 
chemical interactions occurred between CS and SDS when they formed the CS/SDS 
nano-particles. It may be at least possible that the protonated CS in the acetic acid 
solution was neutralized by the dissociated negative SDS ions through the electrostatic 
interaction, as shown in Scheme 5.1, resulting in the aggregation of the neutral 
CS/SDS complexes into CS/SDS nano-particles. Particularly, the characteristic peaks 
of CS at 1651 cm−1 for the –NH bending vibration and at 1417 cm−1 for the –NH 
deformation vibration of the amine groups were affected and shifted to 1634 and 
1386 cm−1, respectively, in the spectrum of the CS/SDS nano-particles. Similarly, the 
characteristic peaks of SDS at 1256 cm−1 for the S═O vibration and at 1085  cm−1 for 
the SO3 vibrations (Zhang, 2006) were affected and shifted to 1228 and 1095 cm−1
Scheme 5.1
, 
respectively, in the spectrum of the CS/SDS nano-particles. Therefore, the FTIR 
spectra support the interactions between the nitrogen atom in CS and the oxygen atom 
in SDS, as indicated in . 
 
The DTG profiles in Figure 5.3 show that the CS/SDS nano-particles had only a single 
peak, located between those for CS and SDS, respectively, indicating that the chemical 
interaction between CS and SDS resulted in a relatively homogenous composition of 

















































Figure 5.3 Derivative thermogravimetric (DTG) curve of (a) CS, (b) CS/SDS 
nano-particles and (c) SDS. 
 
It is interesting and important to mention that the CS/SDS nano-particles were actually 





preparation of the dope. Not any nano-particles could be eventually detected in the 
NMP dope solution and the solution became transparent and very stable (after placed 
for many days, no change in the transparency was noted). Since CS could not dissolve 
in NMP (or extremely slow), SDS therefore modified the surface property of CS and 
improved its solubility in NMP. From Scheme 5.1, it may be easily understood that the 
hydrophilic end of SDS attached to CS and the hydrophobic tail of SDS stretched out 
and possibly covered CS. This therefore increased the hydrophobicity of CS and thus 
improved its solubility in organic solvents, such as NMP. The contact angle 
measurement indeed showed that the contact angle increased from about 62° for CS to 
about 85° for CS/SDS (in films). Since the primary objective of forming CS/SDS 
complex is to modify the solubility of CS in non-acidic solvent, which, as 
demonstrated, was fulfilled, further characterization of the nano-particles was not 
conducted because that was beyond the focus of the study. The work making CS 
soluble in organic solvents such as NMP is of significant importance. The advantages 
would include that (1) organic solvents such as NMP are commonly used in 
conventional membrane or hollow fiber fabrication can now be used to prepare CS 
blend hollow fiber membranes, (2) more importantly, many polymers can dissolve in 
organic solvents and therefore it provides more options of polymers than just CA as 
the matrix polymer to prepare CS blend hollow fiber membranes in the future, and (3) 
strong organic acid such as formic and acetic acids is not necessary to prepare CS 
blend dope, thus water which is less expensive than alkali solution can be used as the 
coagulant in the preparation of CS blend hollow fiber membranes (as well as in 
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making CS blends for other purposes, such as flat sheet membranes or granules), 
reducing the operational risk, system corrosion and material cost. Meanwhile, the 
application of non-basic coagulant prevented the hydrolysis of CA and maintained the 
mechanical strength of matrix polymer. The new method was also found to reduce the 
viscosity of the dope and therefore made it possible for greater CS contents, such as 
5 wt% CS at its natural high MW (319,000 g/mol) in this case, was obtained in the 
dope for spinning the blend hollow fiber membranes. The result is in contrast to the 
conventional method of using organic acid to prepare CS/CA dope that had high 
viscosity and usually restricted the CS content to a lower level of ≤  3 wt% ( Liu and 
Bai, 2005) or at 4 wt% but using degraded low MW CS (75,000 g/mol) (Liu and Bai, 
2006). For adsorptive membranes, greater CS contents to be used in the dope to spin 
CS blend hollow fiber membranes are desirable and important to enhance their 
adsorptive performance. 
 
5.3.2 Blend hollow fiber membranes 
 
It is ideal if a control of CS/CA blend without SDS can be evaluated as well in order to 
embody the unique function(s) of SDS/CS nano-particles. However, the CS/CA 
membrane can not be prepared by the presented method without the addition of SDS 
to make chitosan soluble in the organic solvent, NMP. The CA and CS/CA blend 
hollow fiber membranes were found to show large differences. The pure CA hollow 
fiber membrane had a milky-white color, the same as that of pure CA powder. The 
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CS/CA blend hollow fiber membranes displayed a somewhat yellowish color due to 
the presence of CS. Figure 5.4 shows the typical morphologies of the cross-sections 
and surfaces of CA hollow fiber membrane and CS/CA blend hollow fiber membranes 
at two different CS/CA ratios, obtained from the FESEM analysis. With the increase 
of CS in the hollow fiber membranes, the finger-like macrovoids decreased or even 
completely disappeared and, at the same time, the average pore sizes of the 
cross-sections became larger. Although the surfaces of CA hollow fiber membranes 
were rather dense, the surfaces of CS/CA blend hollow fiber membranes became much 
porous with the addition of CS in the blend, making the internal adsorption sites of the 
blend hollow fiber membranes possibly more accessible. The morphological changes 
of the hollow fiber membranes with CS contents in this study are very similar to those 
observed in previous studies using organic acid (formic acid) as the dope solvent (Liu 
and Bai, 2005; Liu and Bai 2006b). Due to the differences of CS and CA in their 
solubility in the dope solvent and in the coagulant, the two polymers solidified at 
different rates in the fabrication process, which suppressed the formation of the 
macrovoids and resulted in the formation of the porous structures for the blend hollow 
fiber membranes (Liu and Bai, 2006b). For adsorptive membranes, the porous surfaces, 
porous cross-section and macrovoids-free structure are important and highly desirable 
because they help to improve the transport phenomenon of the membranes and also 
provide high specific surface area for enhanced adsorption performance.  
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The mechanical properties of the CA and CS/CA blend hollow fiber membranes were 
also examined. Table 5.2 summarizes the typical values of the tensile stress, 
elongation ratio and Young's modulus of the CA hollow fiber membrane and the  
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properties appear to be reduced with the increase of the CS contents in the hollow fiber 
membranes. Since CA was the matrix polymer in the blend hollow fiber membranes, 
the addition of CS probably interrupted the continuous phase of CA and therefore 
caused a lower mechanical strength of the blend hollow fiber membranes (as 
compared to that of CA only). Nevertheless, the tensile stress, elongation ratio and 
Young's modulus values shown in Table 5.2 for the blend hollow fiber membranes are 
compatible with those of many other hollow fiber membranes reported in literature or 
used in the industry. In an early study, formic acid was used as the dope solvent to 
prepare CS/CA blend hollow fiber membranes (Liu and Bai, 2005), and the tensile 
stresses of 38.8-22.1 MPa, elongation ratios of 33.90-24.36%, and Young's modulus of 
114.5-90 MPa were obtained for CA and CS/CA blend hollow fiber membranes. The 
use of NMP as the dope solvent seemed to lower the strength, increase the rigidity but 
maintain similar stiffness of the blend hollow fiber membranes. Although for 
adsorptive membranes, the mechanical strength is not a crucial property because the 
process does not usually need a high operation pressure, the results indicate that the 
blend hollow fiber membranes developed in this study can also be possibly used under 
the conditions for conventional filtration membranes (MF or UF). 
 
Table 5.2 Mechanical properties of the prepared CS/CA hollow fiber membranes. 
 
Hollow fiber type Tensile stress at break (MP) 




Pure CA 4.01±0.42 4.52±0.54 166.2±7.9 
CS/CA Blend I 2.36±0.39 3.89±0.52 100.5±5.9 
CS/CA Blend II 1.05±0.16 3.02±0.42 57.4±3.6 
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5.3.3 Adsorption performance 
 
Adsorption data for copper ion removal with the blend hollow fiber membranes were 
used to evaluate their adsorptive performance. Figure 5.5 shows the typical results of 
copper ion adsorption on CS/CA Blend II at different solution pH values. In general, 
the adsorption uptakes increased with the increase of the solution pH values. At pH 















Figure 5.5 pH effect on copper ion adsorption on CS/CA blend II (qe is in terms of per 
gram of dry CS/CA blend hollow fiber pieces, C0
 
=50mg/l). 
uptakes increased significantly with solution pH and reached the highest uptakes at pH 
5 or above in the pH range examined. It is advantageous for the maximum adsorption 
uptake to be achieved at the pH closer to the neutral level as this can reduce the need 
for pH adjustment in many application cases where water or wastewater may often 
have pH at or near the neutral level. The trend of changes in the adsorption uptakes of 
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copper ions on the blend hollow fiber membranes with the solution pH values is very 
similar to those using CS as the adsorbent for heavy metal removal. The phenomenon 
was attributed to the protonation of the amine groups of CS at lower solution pH 
values, which created greater electrostatic repulsion to the metal ions to be adsorbed 


















Figure 5.6 Typical kinetic adsorption results of copper ion on CS/CA blend hollow 
fiber membranes (C0
 
=50mg/l, pH=5, CA did not adsorb copper ions to any significant 
amount). 
Figure 5.6 shows the time profiles of copper ion adsorption on CS/CA blend hollow 
fiber membranes at an initial concentration of 50 mg/L and a pH of 5. It can be 
observed that the adsorption was generally fast and reached equilibrium within 3 h. 
The equilibrium time appeared to be much shorter than in those cases where 
adsorbents in bead or granular form were used for heavy metal removal, which usually 
took many hours or up to more than 1 day to reach equilibrium, suggesting the 
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advantage of using adsorptive membranes over granular adsorbents. It is observed 
from Figure 5.6 that the blend hollow fiber membranes with a higher CS content (e.g., 
CS/CA Blend II) had a much higher adsorption capacity but the adsorption 
equilibrium time did not seem to vary significantly with the CS contents (as compared 
to CS/CA Blend I). The results suggest that the highly porous structures of the blend 
hollow fiber membranes have made their adsorption sites freely accessible to the 
copper ions to be adsorbed. Surface area characterization is often used to analysis the 
influence of greater accessible area on adsorption capacity. However, it can not be 
applied in this study because the surface area is not only contributed by CS but also by 
CA which is shown not to have much adsorption capability even it is porous (as in 
Pure CA membrane). For blend CS/CA hollow fiber membranes, it is not possible to 
separate the surface area provided by CS from that provided by CA. The surface area 
for the blend hollow fibers was therefore not measured in this part of study because the 
measured apparent surface area could not well indicated the surface area proved by CS 
that is effective for the adsorption of copper ions. 
 
An adsorption process is often considered to consist of two steps: (1) the transport of 
copper ions from the bulk solution to the adjacent of the adsorptive sites in the 
membranes, including the transport to overcome diffusional resistance through the 
pores and the resistance for mass transfer to the surface, and (2) the attachment of the 
copper ions to the adsorption sites. The transport-controlled adsorption phenomenon 





DtkACq dt == π
                                           Equation 5.1 
 
where qt is the adsorption amount on per unit weight of the hollow fiber membranes 
(mg/g) at time t (min), and kd (mg g−1 min−0.5) depicts the intrinsic kinetic rate 
constant of the hollow fiber membranes for diffusion-controlled adsorption and is 
related to the initial concentration of the copper ions in the bulk solution (C0), the 
specific surface area related adsorption density or capacity of the hollow fiber 
membranes (A) and the diffusion coefficient of the copper ions (D) in this case (k and 
π are constants). A plot of the experimental qt against t0.5 Figure 5.6 for the data in  is 
shown in Figure 5.7. In the initial stage (about the first 40 min), a linear relationship is 
indeed observed, with the correlation coefficients being 0.9911 and 0.9935, 
respectively, for the two types of the blend hollow fiber membranes. This means that 
the transport phenomenon indeed played an important role in affecting the adsorption 
of copper ions on the hollow fiber membranes, at least in the initial stage. It is 
interesting however to note that the two lines in Figure 5.7 have different slopes even 
though the transport conditions, i.e., C0 5.1 and D in Equation , may be the same for 
the two types of blend hollow fiber membranes. The slope for the hollow fiber 
membranes with a higher CS content (Blend II) had a greater value than that for the 
hollow fiber membranes with a lower CS content (Blend I) (the kd value is calculated 
to be 2.62 and 1.29, respectively), indicating a greater rate of adsorption in the former 
case than in the latter case. In other words, the attachment was also playing a 
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controlling role in the adsorption process even in the initial stage and, in turn, affected 
the transport rate in the process. Since CS/CA Blend II contained more CS than 
CS/CA Blend I and therefore had more adsorption sites or a greater adsorption density 
value of A in Equation 5.1, the copper ions transported to the membranes can be more 
rapidly adsorbed, which may enhance the transport of more copper ions from the bulk 
solution to the adsorption sites of CS/CA Blend II. On the contrary, the copper ions 
transported to the CS/CA Blend I membrane may need more time to find adsorption 
sites and, as a result, the accumulation of the copper ions in the adjacent of the 
membrane surface can hinder the transport of other copper ions from the solution to 
the membrane. Hence, a higher CS content in the blend hollow fiber membranes has 
positive advantage to achieve not only a greater adsorption capacity but also a greater 
rate of copper ions transported and adsorbed (due to larger A values). To support the 
above speculation in the effect of adsorption capacity (or density) on transport 
phenomenon, the adsorption results in Figure 5.6 are normalized with the respective 
adsorption capacity (q∞ or qmax) and the results of qt/q∞ versus t0.5 Figure 
5.8
 are shown in 
. It is observed that the two sets of data for CS/CA Blend I and CS/CA Blend II 
actually followed almost identical changes during the entire adsorption process (from 
the so-called initial transport controlled to final attachment controlled stages). The 
results suggest that the transport and attachment phenomena in fact interfered with 
each other and it was probably the available adsorption capacity or density (in terms of 
qt/q∞) that played the controlling role in affecting the kinetic adsorption behavior of 




















 ratio actually means more copper ions transported and adsorbed on CS/CA 
Blend II than on CS/CA Blend I. 
 
Figure 5.7 Illustration of the transport-controlled adsorption model to the experimental 
























Experiment, CS/CA blend I
Experiment, CS/CA blend II
Data fitting for transport-controlled adsorption model
 
Figure 5.8 Normalized adsorption data for the experimental results in Figure 5.6, 




Adsorption isotherm study has commonly been used to evaluate the adsorption 
capacity and adsorption pattern of an adsorbent for an adsorbate. Figure 5.9 shows the 
experimental isotherm adsorption results conducted at room temperature and pH 5. 
The adsorption uptake amounts increased with the initial or, more precisely, the 
equilibrium copper ion concentrations in the solution and approached the maximum at 
high equilibrium concentrations. The Langmuir and Freundlich isotherm models have 
widely been used to fit the experimental isotherm adsorption results due to their 
relative simplicity. The Langmuir model assumes monolayer sorption on a surface 









e +=                                                  Equation 5.2 
where qe is the equilibrium adsorption amount on the adsorbent (mg/g), Ce the 
equilibrium concentrations in the solution (mg/L), qmax represents the maximum 
amount of adsorption (mg/g), and Ks
 
 is the Langmuir model constant (mg/L). 
Alternatively, the Freundlich model assumes adsorption on a heterogeneous surface 
and possibly in multi-layers and can be given by: 
 
Fee PCn
q loglog1log +=                                             Equation 5.3 
where PF
 
 is a constant representing the adsorption capacity (mg/g)(L/mg)1/n, and n is 
















Experiment, CS/CA blend I




Figure 5.9 Typical adsorption isotherm data and model fitting to experimental results 
(t= 23°C, pH=5, C0
Blend I : Langmuir model q
=10-120mg/l) 
max=16.32 mg/g Ks
Freundlich model n=6.23 P=8.23 (logq
=3.23 mg/l 
e=0.1604logCe
Blend II: Langmuir model q
+0.9159) 
max=28.82 mg/g Ks=2.68 mg/l (Ce/qe=0.0347Ce





The plots of experimental Ce/qe against Ce and log qe versus log Ce
Figure 5.9
 for the 
experimental data in  were examined and the Langmuir model was found to 
give better fittings (R2 = 0.9985 and 0.9971 for CS/CA Blend I and CS/CA Blend II) 
than the Freundlich model (R2
Figure 5.9
 = 0.9309 and 0.9234 for CS/CA Blend I and CS/CA 
Blend II). The fitted results from the two models are also included in . From 
the Langmuir model fitting analysis, the maximum adsorption amounts, qmax, for 
copper ions on CS/CA Blend I and CS/CA Blend II in this case were calculated to be 
15.14 and 31.00 mg/g dry blend CS/CA hollow fiber membranes, respectively. These 
adsorption amounts can also be converted, in terms of per gram of CS, to the 
adsorption capacities of 103.0 and 105.4 mg/g CS, respectively. Others have reported 
that the adsorption capacity of copper ions on crosslinked or non-crosslinked CS beads 
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to be 45.94-80.71 mg/g CS at pH 6 (Wan Ngah et al., 2002). The results from this 
study seem to indicate that most of the CS in the blend hollow fiber membranes 
prepared by the new method was exposed to or highly accessible for copper ion 
adsorption. For the CS/CA blend hollow fiber membranes prepared with organic acid 
(formic acid) as the solvent, the adsorption capacity for copper ions was reported at 
about 45 mg/g CS (Liu and Bai, 2006a). Besides, as mentioned in Chapter 2, no data 
were reported for adsorption by others. Hence, the novel preparation method in this 
study not only made it possible to increase the content of CS in the blend hollow fiber 
membranes for enhanced adsorption performance but also resulted in CS in the blend 
















CS/CA blend hollow fiber membranes with a high CS content as adsorptive membrane 
can be prepared with a non-acidic organic dope solvent, N-methyl-2-pyrrolidone. CS 
formed nano-particles with the addition of a surfactant, sodium dodecyl sulfate, into a 
CS solution. The CS/SDS nano-particles were highly dispersible (or even dissolved) in 
NMP that also easily dissolved cellulose acetate to obtain the CS/CA blend. A high CS 
content was achieved in the CS/CA blend dope (up to 5 wt%) and thus in the resultant 
CS/CA blend hollow fiber membranes (up to 29.4 wt%). Analyses indicated that SDS 
interacted with CS and modified its surface hydrophobicity and, as a result, caused CS 
to form nano-particles in an acidic solvent and enhanced the solubility of CS in a 
non-acidic organic solvent, such as NMP. The novel method overcame the high 
viscosity problem of CS in an acidic solvent, which limits the amount of CS that can 
be used in the CS blend dope (usually less than 3 wt%) to prepare CS blend hollow 
fiber membranes with an acidic dope solvent. The use of NMP as the dope solvent also 
made it possible for water to be used as a safe, cheap and effective coagulant in the 
fabrication of CS blend adsorptive membranes. The prepared CS/CA blend hollow 
fiber membranes showed highly porous and macrovoids-free structures and had 
reasonably good mechanical strength (tensile stress above 1-2 MPa and Young's 
modulus above 55 MPa). Copper adsorption experiments showed that the blend 
hollow fiber membranes had fast adsorption kinetics (reaching adsorption equilibrium 
in less than 3 h) and high adsorption capacity (up to 103-105 mg copper ions per gram 
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of CS or 31 mg copper ions per gram of the blend hollow fiber membranes at solution 
pH 5), attributed to the high CS content and possibly the improved accessibility of CS 
in the blend hollow fiber membranes. However, it was found that when a bundle of the 
blend hollow fiber membranes were collected, it was inevitable to find a few flaws on 
the membranes. This was found to be the result of un-degassed air bubbles entrapped 
in the dope solution which was cause by the high viscosity and elasticity of the dope 
solution particularly when CS content was higher than 2.5%. Therefore, this type of 
membranes has not been demonstrated for adsorption of contaminants in a continuous 
filtration mode because of the bypass of the flux through the flaw of the membranes 
which will result in ineffective adsorption performance and early breakthrough. In 
later study, to develop adsorptive membranes suitable for water treatment in 
continuous filtration mode, high CS content dope solutions with low viscosity and 
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The development of adsorptive hollow fiber membranes based on chitosan (CS) (Liu 
and Bai, 2005; Han et al., 2007) provided the prospect for a better solution in the 
removal or separation of trace amounts of dissolved components in water, wastewater 
or other liquid solutions. The removal or separation of low concentrations of dissolved 
solutes from bulk solutions has often to be achieved by reverse osmosis membranes in 
conventional membrane technology and is economically inefficient. In practical, the 
preparation of CS-based adsorptive hollow fiber membranes encountered certain 
difficulties. The first is the low CS solubility that results in the developed membranes 
to be either low in the adsorption capacity or weak in the mechanical strength or even 
both. By using the novel dilute-dissolution and evaporating-concentration method, 
hollow fiber membranes with high CS contents and good mechanical strength have 
been successfully developed (see Chapter 3, Page 67). These CS hollow fiber 
membranes are however relatively dense in their outer surfaces, which is still not ideal 
for adsorptive membranes in terms of minimizing the energy consumption for 
permeate to pass through the cross-section of the membranes. For the CS/cellulose 
acetate blend membranes (See Chapter 5, Page 124), high CS content was achieved 
and good mechanical strength was obtained by using the matrix polymer of cellulose 
acetate (CA). However, when CS content was increased, the high elasticity of the dope 
solution would possibly result in defects in the prepared hollow fiber membranes and 
hence early breakthrough in continuous filtration mode. 
 
To develop a more ideal CS-based adsorptive hollow fiber membrane, the properties 
including high adsorption capacity, reasonably good mechanical strength, porous 
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surface and cross-section structure as well as reusability would need to be obtained 
simultaneously so that the developed hollow fiber membrane can effectively remove 
dissolved solutes continuously when the membrane is used in normal filtration mode. 
In principle, strong mechanical strength may be achieved by the application of suitable 
solvents to increase CS concentration in the dope solution or to allow the addition of a 
supporting polymer, such as CA, in the dope to form the cast solution for membrane 
preparation. High adsorption capacity of the membrane, on the other hand, can be 
obtained by increasing the content of CS in the dope solution or increasing the polymer 
ratio of CS to the supporting polymer when a blend membrane is to be prepared. In 
addition, pore structure of the membrane may be modified by the introduction of 
porogen into the dope solution, the addition of non-solvents into the dope solution (Xu 
and Qusay, 2004) or the addition of solvents into the coagulation bath (Termonia, 1995; 
Yu et al., 2006), etc. However, many of these effects may interact with each other, 
forming a more complicated system or phenomenon that prevents ideal adsorptive 
hollow fiber membranes from being easily prepared from a known dope composition 
or fabrication process. For example, high CS concentration is preferred in the dope to 
provide adequate mechanical strength and adsorption capacity for the resultant 
membranes. However, hollow fiber membranes prepared from concentrated CS 
solution in the conventional fabrication process can only be effectively solidified in 
high concentration of alkali coagulation solution that can lead to the formation of 
dense outer surfaces for CS hollow fiber membranes or result in the hydrolysis of the 
supporting polymer for blend membranes such as CA (a best blending polymer with 
CS perhaps so far), reducing the mechanical strength. 
 
 157 
In this part of the study, attempt has been made to develop a more ideal CS-based 
adsorptive hollow fiber membrane. The merits of previous studies were incorporated 
together. The dilute-dissolution and evaporating-concentration method was applied to 
achieve a higher CS concentration in the dope. Sodium dodecyl sulfate (SDS) was 
used to modify the solubility of CS and hence facilitate the coagulation of CS/CA 
blend dope in a weak acid solvent so that strong alkali are not necessarily needed as 
the coagulant, which helps to form porous structure on the membrane surfaces, as 
demonstrated in Chapter 5. Formic acid (FA)/ethyl glycol (EG) blend solvent system, 
in which CS/SDS complex can be repulsed by the existence of blend polymer, CA, 
was used to lower the high viscosity and elasticity of the CS/SDS complex so that the 
resultant membrane can be ensured to have more uniform pore distribution and 
membrane structure because the dope solution can be degassed easily. Further more, 
EG added into the dope solution also acted as a non-solvent additive that helps to 
suppress the formation of finger-like macrovoids and thus result in sponge-like 
structure on the cross-section of the prepared membranes. The resultant hollow fiber 
membranes were examined for their structural characteristics, as well as adsorption 
removal of copper ions in not only static adsorptive experiments but also in continuous 
filtration experiments with synthetic wastewater that contains particles, urea and 
copper ions. The use of copper ions again in the adsorption removal study was to make 
the results be easily compared with some earlier results reported in literature and 








6.2.1 Materials and chemicals 
 
Chitosan (CS), practical grade from crab shells, was supplied by Aldrich and used as 
received. The viscosity-averaged molecular weight of CS in this study was 319,000 
g/mol and the N-deacetylation degree was 79%. Formic acid (FA, 99%) and cellulose 
acetate (CA) with an acetyl content of 40% was purchased from Fluka (USA). 
Ethylene glycol (EG) was obtained from TEDIA (USA) as non-solvent in the 
preparation of dope solution. Copper sulphate pentuhydrate (CuSO4·5H2
 
O) from 
Nacalai Tesque (Japan) were used in the adsorption experiments. Sodium dodecyl 
sulfate (SDS) for the production of CS dope solution and glacial acetic acid used for 
inner coagulation were obtained from Merck (Germany). Epichlorohydrin (ECH) from 
Sigma-aldrich was used as crosslinker. Surfactant-free white amidine latex from 
Interfacial Dynamic Corp. (USA) was used in the continuous filtration separation 
experiments. Urea provided by Riedel-de Haën (Germany) was used to evaluate the 
permeating property of the hollow fiber membranes as a non-adsorptive water-soluble 
specie. 
6.2.2 Preparation of CS solutions and spinning of CS blend hollow fiber 
membranes 
 
CS was dried in an oven for 24 h before use. The dope solution was prepared as 
described below. The dried CS was dissolved in formic acid in a beaker with 
mechanical stirring under 60 ºC to obtain a 4 % (w/v) CS solution. After that, highly 
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viscous and gel-like CS/SDS solution were prepared with the addition of SDS powder 
into the CS solution at the ratio of 1.2:1 (weight) for SDS to CS (net weight) under 
mechanical stirring. Then, a certain amount of EG was added gradually under stirring 
and agitated for 2 h to obtain a viscous and homogeneous solution. Finally, a certain 
amount of CA was added and dissolved under stirring. The viscosity of the dope 
solution would start to decrease under mechanical stirring upon the addition of CA (the 
amount of EG and CA were dependant on the types of membranes examined, as given 
in a latter section).  
 
When the viscosity of the dope solution decreased to a stable level (in less than 5 h 
according to the study on viscosity in a latter section), the dope solution in the beaker 
was slowly stirred and the solvent (i.e., formic acid) in the solution was gradually 
evaporated off till the CS concentration of the dope solution reached a pre-determined 
level (determined according to the mass balance) in the beaker. Then, the solution was 
centrifuged (SIGMA 3-16-19776, UK) at 150 Hz (9000 rpm) for 10 min to remove any 
bubbles entrapped and un-dissolved impurities in the dope solution. The dope solution 
without bubble and un-dissolved impurities was transferred to the dope tank for hollow 
fiber spinning. 
 
CS/CA blend hollow fiber membranes were then prepared through wet spinning of the 
obtained blend dopes respectively into a coagulant bath in a similar method described 
in earlier chapter (Chapter 3 and Chapter 5) with minor modification. Water was used 
as the external coagulant (in the coagulation bath). Either water or 10 wt% acetic acid 
solution was used as the internal coagulant (the bore flow). For the purpose of 
comparison and to find out the best recipe, blend hollow fiber membranes with two 
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different CS/CA ratios in the solvents with different formic acid/ EG ratios were 
prepared, respectively. The total polymer content (CA+CS) in the dope has been fixed 
to 18 wt% (CS varied from 3 wt% to 6 wt% and CA varied from 15 wt% to 12 wt% 
accordingly to study the influence of CS content in the resultant membranes) and 
hence content of others (EG+FA+SDS) was set to 82 wt%. To study the influence of 
EG, as a non-solvent additive, on the pore structure and mechanical strength of the 
resultant hollow fiber membranes, two concentration of EG were also applied for 
different CA/CS ratios in the dope preparation. 
Table 6.1
According to the guide described above, 
the weight ratios of CS:SDS:CA:EG:FA in the dopes for the four types of hollow fiber 
membranes were at 3:3.6:15:10:68.4 (CS3EG10), 3:3.6:15:20:58.4 (CS3EG20), 
6:7.2:12:10:64.8 (CS6EG10) and 6:7.2:12:20:54.8 (CS6EG20), respectively. Other 
details are included in . 
 
Table 6.1 Spinning conditions and the resultant CS/CA blend hollow fiber membranes. 
 CS3EG10 CS3EG20 CS6EG10 CS6EG20 
Dope(CS:SDS: 
CA:EG:FA) 3:3.6:15:10:68.4 3:3.6:15:20:58.4 6:7.2:12:10:64.8 6:7.2:12:20:54.8 
Bore fluid 10% acetic acid 10% acetic acid 10% acetic acid 10% acetic acid 
















Room humidity ~75% ~75% ~75% ~75% 
Wet outer 
diameter(µm) 1510±114 1530±126 1430±118 1460±124 
Wet inner diameter 
(µm) 625±43 610±38 594±32 592±42 
 
The freshly prepared blend hollow fibers were crosslinked with ECH which would 
increase the chemical stability of the prepared hollow fiber membranes but not 
consume the amino groups of CS and thus the reactivity of CS was retained. A solution 
 161 
of 0.010 M ECH containing 0.05 M di-sodium hydrogen phosphate was prepared (pH 
9). Freshly prepared wet CS hollow fiber membranes were added to this ECH solution 
to obtain a ratio of 1:1 with CS. The CS hollow fiber membranes in ECH were heated 
to a temperature between 40 and 50°C for 4 h and stirred continuously. After 4 h, the 
hollow fiber membranes were removed and washed intensively with 0.05 M di-sodium 
hydrogen phosphate (pH was not modified) and distilled water for several cycles to 




To maximize the effect of EG as non-solvent to get better pore structure in the hollow 
fiber membranes, a common cloud point method was used to study the solubility of 
CA in the FA/EG blend solvent. Weighed CA and FA added into a bottle were stirred 
for 36 h to obtain a thermodynamiclly equilibrium polymer solution before titration. 
Mechanical stirring was carried out with a magnetic stirrer and continued during 
titration. Titrant (EG) was added quantitatively with a burette. The incipient cloud 
point was determined visually. 
 
Rheological evaluations were performed using a rheometer (AR-G2 rheometer, TA 
instruments, USA). The 6:7.2:12:20:54.8 (CS6EG20) solution system was selected as a 
typical one to show the decrease of viscosity of the blend solutions. EG and SDS were 
blended into CS solution and stirred to get a homogeneous mixture. Then CA was 
blended into the mixture. Samples were taken every 5 min to measure the dynamic 
viscoelastic modulus G′ and G″ of the mixture under the oscillatory frequency of 1 Hz, 
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with the oscillatory stress being fixed at 10 Pa. Each analysis was repeated at least 
three times with their errors within 10%.  
 
A field emission scanning electron microscope (FESEM, JEOL JSM-6700F, Japan) 
was used to characterize the morphologies of the CS/CA blend hollow fiber 
membranes. The wet samples were treated with propanol and heptane respectively to 
retain their original structures before drying for FESEM scan. The dried hollow fiber 
membranes were also snapped in liquid nitrogen to give a generally clean break of the 
cross-section for the scanning. As the polymers were non-conductive, the samples 
were coated with platinum powder on the surface for 40 s at 40 × 10-5 MPa (40 mbar) 
vacuum before the scanning analysis. The electrical voltage was controlled at below 
10 kV to prevent possible collapse of the samples caused by the electron beam in the 
analysis. 
 
Figure 6.1 Schematic diagram of water flux (dead-end filtration mode) experiment. 
1. nitrogen cylinder; 2. pressure meter; 3. sealed container; 4. beaker containing D.I. 
water; 5. beaker for permeate; 6. hollow fiber module. 
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Water flux (WF) measurements of the hollow fiber membranes were carried out in a 
dead-end filtration cartridge at room temperature. Five fibers (length 26 cm) were 
assembled into the test module with glue. As shown in Figure 6.1, pressure drop across 




 gas. The pressure 
difference across the membrane thickness was varied from 0.0125 to 0.1 MPa. D.I. 
water was fed from the outer surface to the lumen side of the membranes. After the 
flux across the membrane stabilized, the permeate was collected and measured online 
with an electrical balance connected with a computer. Each type of the hollow fiber 
membrane was tested three times and the average flux was reported. The WF was 
calculated by the following expression: 
                                               Equation 6.1 
where Jw is the water flux (L/m2 h MPa), Q is the quantity of water permeated (L) 
through the membrane during ΔT, ΔT is the sampling duration time (h), A is the 
membrane outer surface area (m2
 
), and Δp is the pressure drop across the hollow fiber 
membranes (MPa). 
The mechanical property of the dry hollow fiber membranes was evaluated through the 
measurement of tensile strength, elongation ratio, and Young's modulus at break. Tests 
were conducted with an Instron-5542 (UK) Materials Testing Machine equipped with 
Bluehill (Instron) Ver. 2.5 software under the conditions of room temperature (about 
23 °C) and a relative humidity of about 75%. The details of the test can be found on 
Page 69 in Chapter 3. For reliability, five measurements were made for each sample, 




6.2.4 Adsorption performance for copper ions 
 
6.2.4.1 Batch adsorption performance 
 
Effect of solution pH on adsorption amounts and adsorption isotherm results of the 
hollow fiber membranes were studied in a batch mode. The methods were similar to 
that described earlier (see Chapter 5, Page 128) with a minor modification in the initial 
concentration of copper ions (varied in the range of 10–200 mg/L). The batch 
adsorption performance of the membranes can provide the information on the 
adsorption capacity and the effect of system parameters on adsorption behaviors, 
making it possible to compare with the results in earlier studies and to guide filtration 
study in the later part. 
 
6.2.4.2 Breakthrough study of separation in continuous filtration mode  
 
Adsorption breakthrough (BT) experiments for copper ions were performed in a 
dead-end filtration cartridge at room temperature. The cartridge was fed with copper 
ion solution at the concentration of 10, 50 and 200 mg/L from shell side to the lumen 
side of the membranes at the pressure of 0.025 MPa. The permeate was collected to 
measure the concentration of residue copper ions offline with coupled plasma 
spectrometer (ICP, Perkin-Elmer DV3000, OES optical, USA).  
 
To demonstrate the multifunctional separation performance of the hollow fiber 
membranes for a mix solution system, continuous separation experiments for a 
complex system is shown in Figure 6.2. The feed pressure and cross flow velocity 
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were set at 0.025 MPa and 0.05m/s, respectively. The feed solution contained urea (to 
pass through the membrane and remain in permeate), copper ions (to be removed by 
membrane adsorption) and polymer beads with a size of 0.62 μm (to be removed from 
feed by membrane filtration) at the concentrations of 10 mg/L, 10 mg/L and 19.5mg/L, 
respectively. Before start, the membrane was equilibrated by passing 50 mM sodium 
phosphate buffer (pH 5) for 5 min. Then, the synthetic wastewater was fed to the 
filtration set up in a cross-flow mode till the copper ion concentration in the permeate 
reached 10% of the feed concentration (1 mg/L). Then, the filtration step was stopped 
and a 0.1M HCl solution was pumped through the membrane for 5 min in the same 
direction to elute the adsorbed copper ions. Following that, the membrane was washed 
by passing 50 mM sodium phosphate buffer (pH 5) and then distilled water for 10 min, 
respectively. Then, the regenerated membrane was reused for the next two cycles for 
the treatment of the synthetic wastewater. The concentrations of the contaminants in 
both feed and permeate were analyzed with a Shimadzu TOC-500A analyzer (Japan), 
ICP and UV (Agilent 8453, USA) at wave length of 600nm after dilution for 4 folds to 
meet the minimum volume requirements for ICP and TOC, respectively. The 
concentrations of polymer beads in both the feed and permeate were first examined 
because the existence of urea and copper ion does not affect the measurement of 
polymer beads by UV. After that, the solutions were filtrated with a Whatman (UK) 
Poly Propylene filtration paper with pore size of 0.45 μm to remove polymer beads. 
The permeate will then be examined by TOC and ICP to measure the concentration of 
urea and copper ions, respectively because the existence of one component will not 
affect the analysis of the other. 
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Figure 6.2 Schematic diagram of continuous separation of synthetic wastewater. 
1. nitrogen cylinder; 2. pressure meter; 3. sealed container; 4. beaker containing D.I. 
water; 5. circulating pump; 6. hollow fiber module; 7. beaker for permeate. 
 
6.3 Results and discussion 
 
6.3.1 Rheology of the dope system and phase diagram study for the preparation of 
dope recipe  
 
For the preparation of hollow fiber membranes, the two rheological properties of the 
dope solution are responsible for its spinnability. Ideally, both lower viscosity and 
higher fluidity are preferred, so that the dope can be easily transferred into the dope 
tank, degassed and fabricated into macroscopically homogeneous hollow fiber 
membranes. For adsorptive CS/CA blend hollow fiber membranes (Chapter 5), high 
CS concentration in the blend is always preferred as it enhances the adsorption 
capacity of the blend membranes. However, for a dope system with a high CS content 
(CS >2.5 wt%), the CS/SDS complex becomes highly viscous and solid like, rendering 
the preparation of hollow fiber membrane practically difficult. According to the 
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literature, the viscosity of a polymer solution can be reduced by the addition of another 
polymer which is not well compatible with the first one. This phenomenon can be 
attributed to the repulsive interaction between the two polymers which may causes 
shrinkage of the coils of macromolecules and hence reduces the viscosity of the 
mixture (Böhmer et al., 1970). Therefore this dilemma may be resolved by the 
modification of the existing recipe to induce the repulsive interaction. As disclosed in 
this chapter, upon the addition of another polymer, CA, the dope viscosity decreases 
gradually with time under shear until it finally reaches a steady state. The G′ and G″ 
storage modulus (G′), the loss modulus (G″) and the loss tangent (tanδ=G″/G′, where δ 
is the angle between the capacitor's impedance vector and the negative reactive axis) 
can represents the viscosity and elasticity of a fluid (Larson, 1999) (G*= G′+iG″, 
where G* is rigidity modulus of the solution). In this study, the apparent viscosity of 
the dope solution was not measured as it is a function of shearing history and a stable 
value can only be obtained at steady state. Therefore the G′, G″ and tanδ of the 
polymer dope were measured to characterize the changes in rheological properties. 
From Figure 6.3, it can be observed that when CA was just added into the mixture, the 
values of G′ and G″ were at around 450 and 300 Pa at t=0 (before the addition of CA), 
respectively, and the mixture was more solid-like whereas the value of tanδ was as low 
as 0.7. After the addition of CA, with the stirring process continued, G′ and G″ values 
decreased remarkably and tanδ value increased accordingly. After 3 h of shearing, the 
values of these parameters stabilized gradually. The final values of G′ and G″ were at 
around 22 and 99 Pa, respectively. The drastic reduction of the G′ and G″ values with 
stirring indicated the solution became less viscous. The tanδ of the mixture finally 
increased to around 5.0, suggesting that dope fluidity is enhanced, and the dope could 





























Figure 6.3 The changes of G′,G″ and tanδ values with stirring time upon the addition 
of CA into the dope solution. 
 
It should be cautioned that the final rheological properties of the dope solution are 
sensitive to the sequence of the steps, and a different sequence would lead to a highly 
gel-like mixture that is un-spinnable. It may be explained that the addition of EG 
reduces the entanglement of CS in the dope solution mildly at first. Afterwards, the 
addition of CA disentangles the molecules of CS further by the repulsive interaction. 
The reversal in order of addition of EG and CA would however fail to induce such 
effect. 
 
An important ingredient of the systems in this study is EG. Without the addition of EG, 
spinnable dope for hollow fiber membrane preparation could not be successfully 
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obtained and the resultant mixture was highly gel-like and viscous. In addition, EG 
could also work as a non-solvent to prevent the formation of macrovoids in the hollow 
fiber membranes. For membrane preparation, adding a non-solvent such as water and 
glycerol into polymer dope solutions has been a typical method to suppress the 
formation of macrovoids (Beerlage, 1994). In the present study, EG was used not only 
as a necessary ingredient of the dope to induce the rheological properties but also as a 
non-solvent additive. Other additives such as glycerol were also tested, but the 
resultant mixtures were highly gel-like and cannot be applied to spin hollow fiber 
membranes. To optimize the pore structure of the membranes, cloud point study was 
applied to examine the phase diagram of CA/FA /EG system to determine the 
maximum content of EG in the dope solution. Because the presence of CS/SDS 
complex in the system will opacify the polymer dope and obscure the observation of 
the cloud point, CS and SDS were not added for the phase diagram study. It can be 
understood that because the addition of CA into a FA/EG/CS/SDS system reduces its 
viscosity, suggesting a repulsive interaction between the CS and CA in this system 
(Soria et al., 1980), therefore the solubility of CA will not be higher than that in a 
system without CS, hence the maximum EG, a nonsolvent for CA, in 
CA/FA/EG/CS/SDS system will be higher than that in a CA/FA/EG system. Figure 6.4 
shows the phase diagram of the ternary system of CA/FA/EG. Based on this ternary 
phase diagram, an EG percentage higher than 27% (in terms of total weight of 
CA/FA/EG) will precipitate CA out from the dope. The maximum content of EG in the 
dope was therefore set to be 23% (which is equivalent to 20% after accounting for CA 
and CS/SDS complex in the total weight) to ensure the dissolution of CA and 
minimize the formation of macrovoids in the cross-section of the membranes as well. 
There are many other parameters involved in the viscosity-decreasing phenomenon 
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and even the sequence of components being added to the dope was also found to affect 
the viscosity of the final dope. The effect of each component possibly has on the 
prepared membrane was discussed only briefly in this chapter, as the investigation on 
the mechanisms as to how these components influence the rheological properties and 
the membranes preparation would require a more systematic study in future work. 
















Figure 6.4 Phase diagram of ternary system:  CA/FA/EG. 
 
6.3.2 Membrane morphologies, mechanical strength and water flux 
 
The morphologies of the four types of blend hollow fiber membranes were examined. 
Figure 6.5 (a) shows the typical cross-section and surface morphologies of the blend 
hollow fiber membranes with different CS/CA ratios and FA/EG ratios when 10% 
acetic acid was used as the inner coagulant. Figure 6.5 (b) shows the typical 
cross-section morphology of CS6EG20 when water was used as the inner coagulant, 
obtained from the FESEM analysis. As reported by Kesting (Kesting, 1985), 
finger-like macrovoids are formed when the coagulation process is fast, whereas the 
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slow coagulation rate results in a porous sponge-like structure. As mentioned in 
literature review, some methods may be used to suppress the formation of macrovoids 
and increase the pore size on surface of the membrane. Because the characteristic of 
the system, solvent/nonsolvent pair is determined already. Evaporation step before 
coagulation and coagulate with water vapor did not show their effect to form porous 
surface and sponge-like structure, maybe because water vapor is not a coagulant for 
the dope solution. When solvent (acetic acid was used because formic acid may 
corrupt the syringe pump) was added into the dope solution as in Figure 6.5 (a), the 
macrovoids can be suppressed tremendously as compared with Figure 6.5 (b).  EG 
works well as a non-solvent in the dope. It can be seen from Figure 6.5 (a) that the 
increase of EG (non-solvent) content in dope suppressed the formation of macrovoids 
and increase the pore size on surface significantly. It can bee seen that although the 
concentration of total polymer were kept constant, the increase of CS in the dope 
solution also help in forming sponge-like structure with porous surface, indicating that 
the coagulation rate for CS is lower than that of CA in this system (Young and Chen, 
1995).  
 
Porous surfaces and macrovoids-free and sponge-like cross-section structure are highly 
desirable for adsorptive membranes because they play a crucial role in improving the 
transport phenomenon of the membranes and also provide high specific surface area 
for adsorption separation. By the combination of increasing CS contents in the dope 
preparation and delaying the demixing of the solvent and non-solvent during 
membrane solidification (through adding solvent to coagulant and adding non-solvent 
to dope solution), sponge-like structure in the cross-section and macroporous structure 
on the surfaces were successfully obtained in this study. According to the experimental 
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results, this kind of structure can not be successfully prepared by the application of 
either method along, i.e., increasing CS contents in the dope or the delay of demixing 
































Figure 6.5 Morphology of hollow fiber membranes prepared from different 
conditions: (a) cross-sections, outer and inner surfaces of membranes using 10% acetic 
acid as inner coagulant, (b) typical cross-section of CS6EG20 using water as inner 
coagulant. Note: In both cases, 10% acetic acid was used as outer coagulant. 
 
 
The mechanical properties of the CS/CA blend hollow fiber membranes were also 
examined in both wet and dry states. Table 6.2 summarizes the typical values of the 
tensile strength, elongation and Young’s modulus of the CS/CA blend hollow                                                                                                                                                                   
fiber membranes obtained in this study. Dry hollow fiber membranes had much higher 
mechanical strength than wet ones. It can be explained by the swelling of both CS and 
CA in the wet state, which decreased the mechanical strength of the polymer and hence 
the blend membrane significantly. In general, the mechanical properties appeared to 
decrease with the increase of the CS contents in the hollow fiber membranes. Since CA 
was the major matrix polymer in the blend hollow fiber membranes, the addition of CS 
would decrease the concentration of CA and also probably interrupt the continuous 
phase of CA and therefore caused a lower mechanical strength of the blend hollow 
fiber membranes. Nevertheless, the tensile strength, elongation and Young’s modulus 
values shown in Table 6.2 for the blend hollow fiber membranes are comparable with 
those of many other hollow fiber membranes reported in literature or used in the 
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industry. In the earlier study (Chapter 5), NMP (N-methyl-2-pyrrolidone) was used as 
the dope solvent to prepare CS/CA blend hollow fiber membranes (Han et al., 2007) 
with high CS content, the increase of CS content would result in a significant decrease 
of the tensile strength from 4.01(CA 100 wt%) to 1.05 MPa (CA 70.6 wt%). In 
comparison, the use of FA/EG blend solvent in this study seemed to dissolve CS and 
CA better and provide stronger hollow fiber membranes. Although the concentration 
of CS in the membrane was up to 33%, for CS6EG20 for example, the mechanical 
strength was still at 2.24 MPa in terms of the tensile stress. Better mechanical strength 
is always an advantage for practical applications. 
 




Tensile stress at break 
(MP) 




Dry Wet Dry Wet Dry Wet 
CS3EG10 26.32±2.34 3.89±0.65 24.3±2.7 4.36±0.81 216.6±10.4 132.4±9.7 
CS3EG20 24.68±1.87 3.68±0.72 22.6±2.7 3.98±0.59 194.2±10.6 121.3±7.6 
CS6EG10 17.27±1.72 2.48±0.34 18.3±2.9 3.15±0.72 132.2±7.9 83.2±7.2 
CS6EG20 15.84±1.25 2.24±0.41 16.1±2.3 2.84±0.63 121.5±6.8 77.2±5.3 
 
Figure 6.6 shows the results of water flux experiments with the prepared blend hollow 
fiber membranes. The steady state permeate fluxes of the membranes are highly 
proportional to the pressure that applied upon the membranes. When the same pressure 
was applied, the hollow fiber membranes with higher contents of CS and EG in the 
dope solutions achieved greater fluxes. This is in accordance with the pore structure of 
the blend hollow fiber membranes. With the increase of pore size on the inner and 
outer surfaces, the membranes became more permeable and thus the flux increased 
accordingly. Besides, the flux of the membranes in this study was much higher than 
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that obtained in an earlier study (Liu and Bai, 2005) (less than 1 L/m2 h MPa) and 
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Figure 6.6 WF of the prepared blend hollow fiber membranes. 
 
6.3.3 Adsorption performance for copper ion removal 
 
Because the CS6EG20 hollow fiber membrane had higher CS content and better 
porous structure (porous without macrovoids in cross-section and with larger pores on 
both inner and outer surfaces), it appeared be more ideal than other types for higher 
adsorption capacity, lower operation pressure, further studies for the batch and 
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continuous adsorption performance of copper ions were conducted using the CS6EG20 
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Figure 6.7 Effect of pH on copper ion adsorption on blend hollow fibers (qe is in terms 
of per gram of dry CS/CA blend hollow fiber pieces, C0
 
 = 200 mg/L).  
Batch adsorption performance: The effect of pH on the adsorption and the 
adsorption isotherms were shown in Figure 6.7 and Figure 6.8, respectively. As 
compared to previous study, the influence of pH showed similar behaviors, i.e. higher 
adsorption amounts at higher pH values. Besides, the adsorption isotherm results also 
fit the Langmuir model better than the Freundlich model, indicating that the adsorption 
of copper ions would not affect with each other because Langmuir model assume 
that all adsorption sites are equally "active". Therefore, the membrane may be reused 
by the desorption of copper ions. Although crosslinking is usually known to decrease 
the adsorption capacity of CS, the maximum adsorption amount, qmax, for copper ions 
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on the CS6EG20 membrane in this case was estimated, from the Langmuir model, to 
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Figure 6.8 Typical experimental adsorption isotherm data and the fitted results of 
adsorption isotherm models to the experimental results for CS6EG20 blend hollow 
fiber (t = 23 °C, pH 5, C0 = 10–200 mg/L). Langmuir model: 
Ce/qe = 6.3/34.8 + (1/34.8)Ce  Freundlich model: log qe = (1/3.25) log Ce
 
 + log 8.45. 
which is even higher than that obtained in previous studies where CS was not 
crosslinked, for example, 31mg/g (Chapter 5; Han et al., 2007), attributed to higher CS 
content in dope and the interaction between CS and SDS which facilitate effective 
coagulation of CS in neutral or even acetic solutions. The adsorption amount can also 
be converted, in terms of per gram of CS, to the adsorption capacities of 104.4 mg/g 
CS, which is at the same level to that in previous study (Chapter 5, 103-105 mg/g CS) 
and is much higher than that obtained from beads, i.e. 45.94–80.71 mg/g CS at pH 6 
(Wan Ngah et al., 2002). The results seem to indicate that the method for the blend 
membrane fabrication used in this study can retain CS successfully even though alkali 
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coagulant was not used. Most of the CS in the blend hollow fiber membranes prepared 
in this study appeared to be exposed to or accessible for copper ion adsorption, to 
obtain the high adsorption uptake. 
 
Adsorption performance in continuous filtration mode: One of the important 
advantages of adsorptive membranes over affinity resin column lays in the continuous 
adsorption with filtration configurations where solutes are brought to the binding sites 
by convective flow rather than by slow diffusion. In some former or previous studies, 
CS-based adsorptive hollow fiber membranes have been developed, however, 
adsorption experiments in continuous filtration mode either required relatively higher 
pressure to conduct because of the relatively dense surface (Liu and Bai, 2005; 2006a; 
2006b; Chapter 3; Han and Bai, 2009) or have not been reported under the continuous 
filtration mode (Chapter 5; Han et al., 2007) because of the flatness of the BT curve. 
By the application of the method developed in this chapter, dope with high CS 
concentration and low viscosity has been prepared and the resultant hollow fiber 
membranes were highly homogeneous with macroporous structure. The continuous 
removal of contaminants by the adsorptive hollow fiber membranes was therefore 
further examined. Figure 6.9 shows the BT curves of copper ions when the CS6EG20 
blend hollow fiber membrane was operated in a filtration mode for solutions 
containing copper ions at an initial concentration of 10, 50 and 200 mg/L respectively 
at solution pH of 5. It can be seen that the curves are rather sharp and breakthrough 
(C/C0=10%) occurred at 220, 80 and 20min, respectively，depending on the feed 
concentration of copper ions. Considering that real water or wastewater may only 
contain heavy metal ions, such as copper ions, at relatively low concentration, i.e., a 
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few milligrams for example, one can expect the prepared hollow fiber membrane to 
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Figure 6.9 Breakthrough (BT) curves of CS6EG20 hollow fiber membrane for removal 
of copper ions at different initial concentrations and pH 5 under 0.025 MPa. 
 
Beside the advantage in transport, another advantage of adsorptive membranes is in the 
possibility to provide multifunction for separation, i.e., combine the size-exclusion 
mechanism for particle removal and affinity for dissolved component removal together. 
The synthesized wastewater was filtered with the hollow fiber membranes prepared in 
this study. Figure 6.10 shows the results of the continuous separation of the different 
solutes in three recycles. It can be observed that the polymer beads with a size of about 
0.62 μm were almost completely rejected by the filtration mechanism. Meanwhile, 
urea, the solute that does not have affinity with the membrane, completely permeated 
through the membrane because of its small size. Copper ions that have affinity with the 
membrane were effectively removed from the aqueous phase by adsorption even 
though copper ions (around several Å) were much smaller than the pore sizes of the 
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membranes (less than 0.1μm according to the FESEM pictures). The adsorptive 
removal of copper ions continued until the concentration in permeate reached 0.1 of 
the initial concentration. Therefore, the hollow fiber membranes developed in this 
study showed multifunctional separation ability. In addition, copper ions adsorbed can 
be effectively removed from the membrane during the regeneration by a small amount 
of 0.1mol/L HCl. Elution curves were not obtained because the hollow fiber membrane 
turned from blue color (adsorbed with copper ions) to white (copper ion desorbed) 
very fast and the volume (only around 3mL for a cartridge with 5 hollow fibers) 
collected was not enough for making a meaningful elution curve. Most importantly, 
the breakthrough curves for copper ions showed no significant changes in the second 
and third cycles, indicating that the hollow fiber membranes have good efficiency and 
are reusable by the removal of copper ion for the treatment of a complex liquid system 
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Figure 6.10 Copper ion, urea and polymer beads breakthrough curves with the 
CS6EG20 hollow fiber membrane in three consecutive cycles for the recycle use of 
CS6EG20 hollow fibers (C0
 

















In the preparation of high CS content adsorptive hollow fiber membranes, the high 
viscosity of CS solutions usually induces some intertwined problems such as difficulty 
to obtain homogeneous dope, weak mechanical strength in the prepared hollow fiber 
membrane, leakage of CS from the blend composition during the coagulation process, 
dense surfaces of the resultant membranes, or hydrolysis of the mix supporting 
polymer (CA) by the coagulant step (when basic solutions are used). These problems 
have to be solved before more ideal CS adsorptive hollow fiber membrane suitable for 
actual continuous separation applications can be prepared. In this study, 
dilute-dissolution and evaporating-concentration method are used to obtain high 
concentration CS solution, then SDS modification was used to modify the solubility of 
CS so that the blend dope can be effectively solidified with water or even weak acidic 
solution as the coagulants. With the using of the rheological properties of /CA blend in 
the FA/EG system, low viscosity dope solution with high CS concentration (up to 6%) 
was successfully prepared and applied for the fabrication of highly adsorptive and high 
content CS blend hollow fiber membranes (CS up to 33%). The application of this 
method firstly overcomes all the problems that have been encountered so far. The 
developed CS hollow fiber membranes have good mechanical strength (tensile strength 
up to 3.89 MPa in wet state). The developed membranes have porous structure on the 
surfaces and in the cross-section, which reduces the pressure needed for operation. The 
water flux of the membrane can be up to 1200 L/m2 h MPa, indicating a highly porous 
hollow fiber structure. Copper ion adsorption experiments showed that the blend 
hollow fiber membranes had high adsorption capacity (up to 31 mg/g membrane or 
104.4 mg/g CS). Continuous separation of a multi-component synthetic wastewater in 
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a filtration mode was successfully conducted at a pressure as low as 0.025 MPa. 




























Traditional membranes sometimes will result in high energy consumption and low 
selectivity in performance in situations where the concentration of solute is low or the 
sizes of solutes to be separated are similar. Chitosan (CS)-based adsorptive hollow 
fiber membranes have the potential to overcome these limitations and remove low 
concentration solutes from aqueous solutions with low energy consumption and high 
selectivity. However, there have been practical problems that prevented CS-based 
hollow fiber membranes with desired properties from being prepared. In this study, 
attempts have been made on the development of CS-based adsorptive hollow fiber 
membranes suitable for practical applications and the hollow fiber membranes 
prepared were examined for their material properties and adsorptive performances in 
heavy metal ion removal and enzyme immobilization. 
 
Firstly, mechanically strong CS hollow fiber membranes were prepared. The 
traditional method for CS flat sheet membranes may not be suitable for hollow fiber 
fabrication because the dope concentration rarely fulfill the requirement for hollow 
fiber fabrication with good mechanical strength. A dilute-dissolution and 
evaporating-concentration method was developed to prepare highly concentrated CS 
solutions (up to 18 wt% as compared to less than 5 wt% by conventional method). The 
CS solution was used to fabricate CS hollow fiber membranes with adequate 
mechanical strength (tensile strength up to 3.45 MPa). The CS hollow fiber 
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membranes have porous inner surfaces and cross-sections, but the outer surfaces are 
much denser. FESEM also indicated that the prepared adsorptive membranes 
possessed much denser pore size than the conventional microfiltration membranes. The 
CS hollow fiber membranes had very high adsorption capacity for copper ions (up to 
206.6 mg-Cu2+
   
/g-CS fiber at pH 5). The high adsorption capacity may be mainly 
attributed to the low crystallinity of the CS membranes prepared from the new method. 
The treatment of real industry copper ion-containing wastewater by the prepared CS 
hollow fiber membranes in a batch adsorption mode was also conducted, which 
demonstrated the potential applications of the prepared hollow fiber membranes for 
industrial wastewater treatment. 
Then, the CS hollow fiber membranes with high mechanical strength were studied for 
a bioengineering application: the immobilization of lipase, an enzyme that catalyses 
important biochemical reactions but often has dissolution and transport problem in its 
application because the substrate (lipid) and the product (fatty acid) for the reaction do 
not dissolve in a single phase. It was found that CS-based hollow fiber membrane 
owned open pore structure on the inner surface which attributed to the significant 
increase of the lipase immobilization capacity, as compared to CS beads that are often 
used but are not porous on surface. High immobilization capacity (up to 8.7 mg 
lipase/g CS) was achieved when lipase was immobilized on wet CS hollow fiber 
membranes. The immobilization enhanced the stability of lipase in terms of pH, 
thermal and storage conditions. The immobilization of lipase on the hollow fiber 
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membranes provides a possibility to overcome the dissolution and transport problem of 
free lipase and lipase immobilized on beads. Continuous hydrolysis of lipid in a 
cross-flow configuration system was conducted successfully, showing the potential of 
the prepared CS hollow fiber membranes for bioengineering applications.  
 
Acidic-solvent-dissolution followed by strong-basic-coagulation, which was applied in 
Chapter 3 and 4 of this study, is a typical method for CS membrane preparations. 
However, the outer surface of the membrane would be dense because weak 
coagulation that may lead to porous outer surface would result in the collapse of the 
as-spun hollow fiber. To overcome this problem, a novel method was developed to 
prepare CS and cellulose acetate (CA) blend hollow fiber membranes with high CS 
contents through the use of a non-acidic organic dope solvent. It was found that 
sodium dodecyl sulfate (SDS) modified CS was partially soluble in non-acidic organic 
solvents such as N-methyl-2-pyrrolidinone (NMP). The copper ion adsorption capacity 
was greatly increased (up to 31 mg Cu2+/g blend hollow fiber membrane or 105.4 mg 
Cu2+
 
 per gram CS at pH 5), as compared to CS/CA blend hollow fibers developed by 
Liu and Bai (Liu and Bai, 2004), due to the high CS content (5%) in dope and the 
effective coagulation of CS. FESEM analysis indicated that the blend hollow fiber 
membranes were porous on inner surface, outer surface and cross-section. However, 
with the increase of CS content in the dope, the mechanical strength of the hollow fiber 
membranes decreased significantly (from 4MPa to 1MPa). Copper ion adsorption  
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experiments in continuous filtration mode were not reported with the blend hollow 
fiber membranes because a few defects on the surface of the membrane would 
inevitably be observed and result in early breakthrough in continuous filtration mode 
for a bundle of membranes when CS content in the dope became higher than 2.5%. 
The defects were induced by the high viscosity and elasticity of the CS/SDS complex 
in NMP, which made the complete degassing of the dope very difficult.  
 
For the successful preparation of highly porous adsorptive hollow fiber membranes 
that can remove of contaminants in continuous filtration mode, the problem of high 
viscosity need to be overcome to obtain porous surface structure and high mechanical 
strength. The rheology properties of CS/SDS/CA blend in formic acid (FA)/ ethyl 
glycol (EG) mixed solvent, which were discovered for the first time, were utilized to 
achieve a high chitosan content dope solution with low viscosity. With this method, the 
blend hollow fiber membranes with higher CS content (6% in dope solution and 33% 
in the resultant membrane) and hence high adsorption capacity were prepared. FESEM 
study showed that the blend hollow fiber membranes were prepared with highly porous 
(both surfaces and cross-section) and macrovoids-free structures. Pure water flux of 
the blend hollow fiber reached up to 1200 L/m2 h MPa, which agreed with the 
conclusion from FESEM study that the membranes are macroporous. The blend 
hollow fiber membranes also showed greatly improved mechanical strength (tensile 
strength was higher than 2.2 MPa when CS content reached up to 33%) and high 




 / per gram CS at pH 5). Treatment of complex wastewater in a continuous 
filtration mode has been successfully conducted for consecutive cycles. The 
breakthrough curves of copper ions were sharp, showing that structure defects have 
been removed in the hollow fiber membranes owning to the complete degassing of the 
low viscous dope solutions for membrane preparation. The membrane was able to 
suspend large particles (polymer beads) by filtration, have small specie (urea) pass, 
and remove components that have affinity with it (copper ions). This multifunctional 
ability has great potential in the treatment of complex wastewater to achieve multiple 
separations in a single step with greatly reduced energy consumption.  
In conclusion, by overcoming the practical problems step by step, we have 
successfully prepared highly adsorptive CS-based hollow fiber membranes. The 
membranes meet the requirements for adsorptive hollow fiber membranes, including 
high adsorption capacity, porous structure, suitable mechanical strength and reusability, 
simultaneously. The application of the adsorptive hollow fiber membranes in water 
treatment and bioengineering field demonstrated their great potentials in these fields.  
 
7.2 Recommendations for future work 
 
One of the major advantages for CS-based membrane is that CS provides rich 
functionalities for further surface modification of the membranes. For enhanced 
affinity or selective separation, it is desirable that the properties of the membranes can 
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be easily modified to achieve the better separation of the target substances. 
Specifically, some of possible improvements for CS-based adsorptive hollow fiber 
membranes are listed in the followings: 
 
(1) Increase the adsorption capacity by advanced chemical modification of CS. For 
adsorptive membranes, adsorption capacity plays one of the important criteria 
in the adsorption performance. CS has its own limitation in adsorption due to 
the percentage of nitrogen atom in CS is limited (7%). By the use of some 
advanced polymerization methods such as atom transfer radical polymerization 
(ATRP) or hyperbranched polymerization, monomers with higher nitrogen 
atom content and hence higher adsorption capacity may be grafted on to the 
CS-based adsorptive hollow fiber membranes developed in this study to 
improve adsorption capacity. 
 
(2) Chemical modification of CS on the adsorptive hollow fiber membranes for 
the removal of trace concentration of specific contaminants from water and 
wastewater. One of the most important advantages lies in the efficiency in the 
treatment of water/wastewater with low pollutant concentration. There are 
many situations where conventional membranes may work inefficiently. For 
example, currently reverse osmosis (RO) has to be used in the removal of 
trace concentration (range from several ppb to several ppm) of boron (which 
is very small in molecular weight), mercury and arsenic ions (which is highly 
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toxic to human body). It will lead to high energy consumption due to the fine 
pore structure of RO membranes which result in low flux. By grafting 
specific functional groups on CS, the adsorptive performance of the CS-based 
hollow fiber membrane to these components may be greatly enhanced. 
(3) Chemical modification of CS on the adsorptive hollow fiber membranes for 
the purification of bioengineering products. For many bioproducts such as 
proteins, RNA, DNA, antigen and antibody, the cost in purification is much 
higher than of the cost in fermentation. The conventional way of purification 
is very complicated because the target bioproduct has to be separated from a 
mixture of many components of similar sizes and physical properties. Due to 
the versatility of amino groups, CS can be easily modified with ligands that 
have specific affinity to bioproducts such as antibody and antigen. Hence the 
CS adsorptive membranes developed in this study are able to be modified to 
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